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This manuscript is divided in two parts. Results focusing on the chemistry of the 
alkaline-earth complexes are presented in the First Part, which includes a bibliographic 
introduction, Chapter 1, Chapter 2 and Chapter 3. The Second Part (Chapter 4) presents some 
organometallic chemistry of zirconium. 
The work presented has been carried out in the “Laboratoire de Chimie de 
Coordination” (CNRS, Toulouse) in the framework of the “GreenLAkE” ANR project. This 
project revolves around the coordination chemistry of the large alkaline-earth elements (Ca, 
Sr and Ba) with the aim of designing efficient, well-defined catalysts to promote highly atom-
efficient reactions, namely ring-opening polymerization (ROP) towards biodegradable 
materials and hydroelementation reactions. The catalytic studies were carried out in 
collaboration with the group “Catalyse, Organométallique, Polymérisation” led by Prof. J.-F. 
Carpentier (Rennes). 
Our contribution to this project relies on the preparation and study of discrete 






 is a 
fluorinated mono-anionic multidentate hydrotris(indazolyl)borate ligand and (X’) is a 
nucleophilic alkyl or amido group. The metal of interest is the biofriendly, non-toxic and 




 ligands have been previously developed in our group. 
According to the needs, the steric and electronic properties of these ligands can be controlled 
by different substitution in the 3-position. Their electron-withdrawing properties due to the 
fluorine substitution render the metal more electropositive. As a consequence, the Ca-X’ bond 
would be more reactive, yielding an improved catalytic conversion and TON. 
Alkaline-earth complexes are difficult to handle because of their high sensitivity. 
Furthermore, ligand scrambling reactions, known as the Schlenk equilibrium, are very often 
observed in heteroleptic complexes. The choice of the ancillary ligand has a crucial 
importance for the stabilization of heteroleptic Ae complexes and the control of this 
equilibrium. In the bibliographic introduction, we present a selection of the ligands able to 
stabilize heteroleptic calcium complexes. In general terms, bulky and multidentate ligands 
provide an appropriate environment. 
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Chapter 1 addresses the criteria behind the choice of the fluorinated ligand best suited 
to Ca
2+




 ligands with different substituents are accessible. 
The synthesis of homoleptic complexes with the formula [(Fn-Tp
4Bo,3R
)2Ca] is presented. We 
show that small modifications in the skeleton of the ligand may completely change its 
coordination ability. 
In Chapter 2 we report on a family of heteroleptic [(Fn-Tp
4Bo,3R
)Ae(NR2)] complexes 
that are stable towards ligand redistribution reactions. These complexes are precatalysts for 
the intramolecular hydroamination reaction of aminoalkenes (cyclohydroamination). 
In Chapter 3 we describe the preparation of rare heteroleptic alkylcalcium complexes 
with the formula [(Fn-Tp
4Bo,3R
)AeR]. Although organocalcium complexes have been studied 
for several years, there is still a lack of understanding of the factors that govern their stability 
and reactivity. 
Finally, a different topic is presented in Chapter 4, which revolves around the 
activation of inert bonds. CH bond activation has been an object of study for several years in 
our group. An unprecedented -H abstraction/1,3-CH bond addition mechanism was 
previously observed by a Nb cyclopropyl complex. We thought of general interest to 
investigate whether this reaction could be generalized to other metals complexes. Indeed, 
activation of selected aromatic CH bonds by dicyclopropylzirconocene [Cp2Zr(c-C3H5)2] 










































I.1- The heavier alkaline-earth metals 
The chemistry of heavier Alkaline-earth (Ae) metals complexes (Ca, Sr, Ba) has seen 
an increasing development in the last decade.
1–3
 Ae elements are electrophilic, electropositive 
and non-polarizable metals. They are redox inactive in their oxidation state +2 and they are 
characterized by large ionic radii (Ca
2+
 = 100 pm < Sr
2+
 = 118 pm < Ba
2+
 = 135 pm) as shown 
in Figure 1.1. Among them, Ca is the most abundant and benign element. Due to the high 
oxophilicity and the large ionic radii of these elements, Ae complexes are labile and readily 
decompose by bimolecular reactions, including the Schlenk equilibrium. 
 




The Schlenk equilibrium, which redistributes ligands in a heteroleptic complex 
[(LnX)AeX’] to yield a mixture of the two homoleptic species [(LnX)2Ae] and [AeX’2] 
First part   Introduction 
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(Scheme 1.1), is very common and represents a major drawback for the synthesis of 
heteroleptic Ae complexes. The existence of this equilibrium cannot be predicted “a priori” 
but it can be prevented by the use of highly voluminous and chelating ligands as described in 
the literature.  
 
Scheme 1.1. Schlenk-type equilibrium with heteroleptic Ae complexes 
 
I.2- Ancillary ligands stabilizing heteroleptic alkaline-earth 
complexes [(LnX)AeX’] 
The main strategy to avoid the Schlenk equilibrium is use of ancillary ligands which 
provide steric hindrance to the metal thanks to the presence of large substituents. This section 
presents stable heteroleptic alkaline-earth complexes that have been developed in the last few 
years. In particular, we focus here on heteroleptic Ca complexes which are of interest for our 
work. Complexes are classified in three families depending on the donor atoms (N, O or C) of 
the spectator ligand. In some cases, both the N and the O atoms provide the chelation within 
the same ligand. Ligands containing other donor atoms of the p-block have not been 
considered. 
I.2.1- N-based ligands 
(a) Bidentate  
The main ligand belonging to the class of the N-based bidentate ligands is the 









 and Sarazin and Carpentier.
25
 Depending on the 
substituents present on the BDI skeleton, it has been possible to obtain heteroleptic Ca 
compounds which are resistant to the Schlenk equilibrium. Other kinds of bidentate N-based 












 the N, N’- Bis (2,6-diisopropylpheynyl)pivalamidinates32 and the  
triazenide ligands
33,34
 (Scheme 1.2). Although some of them partially undergo the Schlenk 
equilibrium, their isolation and characterization was not hampered. 





Scheme 1.2. N-based bidentate ligands in [(LnX)CaX’] complexes. 
 





and bridged diketiminate ligands
37
 have been also obtained (Scheme 1.3).  
 
Scheme 1.3. Dinuclear heteroleptic Ca complexes containing N-based bidentate 
ligands. 




Tridentate N-based ligands able to stabilize heteroleptic Ca complexes are depicted in 














 belong to this class of ligands. 
 
Scheme 1.4.  N-based tridentate ligands in [(LnX)CaX’] complexes. 
 
(c) Tetradentate and pentadentate 










Scheme 1.5. N-based tetradentate ligands in [(LnX)CaX’] complexes. 
 
I.2.2- O-based ligands 
O-based ligands form another important category of ligands (Scheme 1.6). 
Mononuclear heteroleptic Ca complexes containing -diketonates48 and aminophenolates49 





 and biphenolate salicylaldimine
55
 
ligands have been developed recently, yielding dinuclear heteroleptic complexes.  
 
Scheme 1.6. O-based ligands in [(LnX)CaX’] complexes. 
 
I.2.3- C-based ligands 
Three kinds of C- based ligands can be distinguished depending on the coordination 
mode: i) the NHC -donors bis- and tris-(imidazolin-2-ylidene-1-yl)borates,56,57 ii) the 5 
cyclopentadienyl (Cp) derivatives  (including indenyl, fluorenyl and cyclopentadienyl species 
First part   Introduction 
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containing an heteroatom in the ring)
24,58–69
 and iii) the -bound aryl ligands largely 




Scheme 1.7. C-based tridentate ligands in [(LnX)CaX’] complexes. 
 
 
Several conclusions can be drawn concerning the stabilization of heteroleptic 
complexes: (a) chelation and bulky ligands stabilize Ae metal complexes, preventing the 
Schlenk equilibrium; (b) heteroleptic complexes containing ligands with hard donor atoms (N 
and O) are usually more stable than those displaying C atoms. In accord with the fact that Ae 
elements are hard metals. 




In this work we mainly focused on heteroleptic Ae complexes containing silylamido or 
alkyl groups for catalytic purposes or more fundamental interests. In the next paragraphs, a 
more detailed description of the complexes coordinating these two kinds of nucleophiles is 
presented. 
 
I.3- Silylamido-based complexes 
I.3.1- Synthesis of homoleptic bis(silylamido) precursors 
An important drawback for the Ae chemistry is the lack of commercial precursors 
soluble in common solvents. They are limited to AeX2 (X = halide) or metallic Ae. Ethers are 
the only solvents capable of solubilizing AeX2 species. However they are often difficult to 
remove due to their ready coordination to the electropositive Ae metals. Also ethers may react 
with Ae complexes mainly organocalcium compounds. Other synthetic routes use a metallic 
Ae element, activated in liquid ammonia. This procedure requires special laboratory 
equipment and a careful manipulation. 
Homoleptic Ae bis(silylamido) complexes of formula [Ae(NR2)2(L)n] are the 
commonly employed species for the synthesis of heteroleptic amido derivatives. They are 
easily accessible and they are soluble in common solvents. Their stability is achieved by the 
presence of voluminous amido groups. As shown in Scheme 1.8, several pathways leading to 
the formation of [Ae(NR2)2(L)n] have been described:
3,84
 (a) salt metathesis between ANR2 (A 
= Alkali metal) and AeX2; (b) transmetallation between metallic Ae and [M(NR2)] (M = Sn or 
Hg); (c) direct amination by reaction of activated Ae* with HNR2; (d) organoelimination of 
an alkane by reaction of [AeR’2] with HNR2; (e) transamination between [Ae(NR’2)2] and 
HNR2; and finally (f) redox transmetallation/ligand exchange (RTLE) between Ae, BiPh3 and 
HNR2. Pathway (a) is the most common due to the easy handling of the AeX2 and ANR2 
species. 




Scheme 1.8. Synthesis of homoleptic Ae bis(silylamido) precursors 
 
The most commonly used precursors are the [Ae{N(SiMe3)2}2(L)n] species. In order to 
improve the stability of these complexes, replacement of -SiMe3 groups by larger alkyl 












 Mes or 2,6-F2C6H3
89
 
has been described. Another interesting homoleptic silylamido Ae precursor is represented by 
the [Ae{N(SiMe2H)2}(L)x] species, obtained by transamination reaction between 
[Ae{N(SiMe3)2}2] and HN(SiMe2H)2. This compound displays -SiH agostic interactions
52
 
which impart an important stabilizing effect. 
 
I.3.2- Synthesis of heteroleptic amido complexes 
This section reports on the general synthetic methods towards heteroleptic amido Ae 
complexes of formula [(LnX)Ae(NR2)] ((LnX)

 = monoanionic spectator chelating ligand). 
Four synthetic ways can be employed:  
(a) Salt metathesis reactions between AeX’2 (X’ = Br, I) with [(LnX)M] salts yield the 
[(LnX)AeX’] species with release of MX’ as a driving force. Subsequent treatment of this 
halide compound with a metal amido complex [M’NR2] affords the compound 
[(LnX)Ae(NR2)]. In some cases, direct “one pot” reaction between the three reagents AeX’2, 
[(LnX)M] and [M’NR2] constitutes a simpler alternative.  





(b) Metathesis reactions between [Ae(NR2)2] and [(LnX)M] yield the desired 
[(LnX)Ae(NR2)] complex. The by-product [M(NR2)] may be easily removed by 
crystallization. 
 
(c) Amine elimination reactions between [Ae(NR2)2] and one equivalent of the 
protonated ligand (LnX)H afford the heteroleptic [(LnX)Ae(NR2)] compound and the 
corresponding amine HNR2. 
 
(d) Exchange of the amido ligand by acid-base reactions between [(LnX)Ae(NR2)] and 
other amine species HNR’2 gives the desired compound [(LnX)Ae(NR’2)], provided that the 
pKa value for HNR’2 is higher than that of HNR2 and that the ligand (LnX)

 is stable towards 
protonation. Similarly, the reaction between the alkyl derivates [(LnX)AeR] and the amine 
species HNR’2 may yield [(LnX)Ae(NR’2)] with the concomitant release of the alkane RH. 
The last procedure is rarely employed due to the low stability of the alkyl species and to the 
efforts required to synthesize such reactive alkyl compounds.   
 
I.3.3- Hydroamination catalysis by silylamido alkaline-earth complexes 
Most of the ligands presented above in the introduction form heteroleptic silylamido 
complexes which have been used as precatalysts mainly for two important processes: the 
hydroelementation reaction and the ring opening polymerization of cyclic esters. Within the 
hydroelementation reactions, hydroamination is detailed here. 
As it is shown in Scheme 1.9, the hydroamination reaction is the addition of NH 
bonds onto unsaturated CC bonds. The synthesis of nitrogen-containing molecules through 
hydroamination offers a perfectly atom-economic route to the production of fine chemicals.
90
 
While the catalytic activity of transition metals and rare-earth complexes for the addition of a 
First part   Introduction 
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NH bond across CC multiple bonds has been largely described,91–95 the use of Ae metal 
complexes as hydroamination catalysts is only now starting to emerge. 
 
Scheme 1.9. Hydroamination reaction catalyzed by Ae complexes. 
 
The extremely challenging intermolecular hydroamination reaction
29,30,96,97
 as well as 
the entropically favoured intramolecular version of this process have been investigated in 
more details.
12,26,29,39,53,98–102
 Asymmetric intramolecular hydroamination has been recently 
studied,
46,100,102
 although enantiomeric excess (ee) are still low. 
In the Chapter 2, the cyclohydroamination catalysis by one of the Ca complexes 
presented is studied in detail. Both homo and heteroleptic silylamido alkaline-earth complexes 
are competent cyclohydroamination pre-catalysts and, in general, the activity trends observed 
for such reactions is Ca > Sr > Ba; on the other hand, no definitive trend in the reactivity of 
heteroleptic complexes with respect to the nature of the ancillary ligands emerges so far. 
 (a) Cyclohydroamination reaction with homoleptic [Ae{N(SiMe3)2}2(THF)n] 
 The homoleptic compounds [Ae{N(SiMe3)2}2(THF)n] (M = Ca, Sr, Ba; n = 0, 2) have 
shown interesting catalytic activities:
12
 the THF-free complexes displayed lower catalytic 
activity than their THF-containing analogues, except in the case of substrates with secondary 




(b) Cyclohydroamination reaction with heteroleptic [(LnX)Ae{N(SiMe2R)2}(THF)n] 
Several stable heteroleptic [(LnX)Ae{N(SiMe2R)2}(THF)n] (R = H, Me) species have 





 Ca and Sr silylamido 
complexes were studied, with the Ca pre-catalysts exhibiting better catalytic performances 
than their Sr analogues. The catalytic activities of the -diketiminate derivatives 
[(BDI)Ae{N(SiMe3)2}(THF)n] (where (BDI)H = H2C[C(Me)N-2,6-(
i
Pr)2C6H3]2; Ae = Ca, n = 
0, 1; Ae = Sr, n = 1), in particular, provided useful insight into the mechanism of the reaction 
(see below).
12,98
 With the strong C-based donor hydrobis and tris(imidazole-2-ylidene-1-yl), 













 and different types of (LO)

, N- and O-based amino-phenolate 
ligands
53
 also catalysed the cyclohydroamination reaction efficiently, with rates increasing in 
the order Ca > Sr > Ba. For a given ligand and metal centre, complexes that contain 
{N(SiMe3)2}

 were better catalysts than those containing {N(SiMe2H)2}
53 likely due to the  
side dehydrocoupling reactions of organosilanes with amines.
103,104
 
For both intra- and intermolecular hydroamination, two mechanistic scenarios are 
suggested: a) a -insertive pathway followed by aminolysis and b) the concerted formation of 













 and  anilido-imine-Ae complexes
107
 suggested that 









 =  tris(oxazolinyl)borate)). More details are 
provided in the Chapter 2 of this manuscript. 





 but they will be not adressed 
here.  
 
I.3.4- Ring-opening polymerization of cyclic esters by silylamido alkaline-
earth complexes 
Concerns toward environmental issues and depletion of the fossil fuel feedstock have 
prompted the investigation of alternatives to polyolefins. The ring-opening polymerization 
(ROP) of cyclic esters, for example lactide (LA), allows the synthesis of biofriendly polymers 
such as polylactide (PLLA). Ae complexes, mainly those based on the environmentally 
benign Ca element, efficiently catalyse the ROP reaction,
2,6,43,46,48–50,52,109–115
 representing an 
important alternative to the Zn compounds,
50,116–118
 as well as to the highly toxic Sn 
complexes.
119,120
 As represented in Figure 1.2, two approaches can be distinguished: the 
living ROP and the immortal ROP. 




Figure 1.2. Illustration of the “classical living” and “immortal” ROP processes.110 
  
The living ROP process provides only one polymer chain per metallic center, 
affording polymers with narrow distributions of molecular weights but with low conversion 
and low turnover-number (TON). On the other hand, in the immortal approach (Scheme 1.10) 
the polymer chain attached to the metal is released and a new polymer chain starts to grow on 
the same site by addition of a protic molecule (typically an alcohol) as chain transfer agent in 





Scheme 1.10. Immortal ROP of cyclic esters catalysed by Ae complexes in 
homogeneous media (L-LA = L-lactide, PLLA = polylactide, ROH = charge transfert 
agent). 
 
Heteroleptic silylamido Ae complexes of the type [(LnX)Ae(NR2)] are potential 
precatalysts for both these two ROP processes, an alkoxide group replacing the silylamido 
ligand in the active species. 
 




I.4- Organocalcium complexes 
Group 2 organometallic chemistry remains poorly explored to this date, except for 
alkylmagnesium derivatives.
70,122–125
 Ca-C bonds have a strong ionic character that is at the 
origin of the high instability of organocalcium compounds. Larger elements (Sr and Ba) 
provide even weaker Ae-C bonds and examples of organometallic derivatives of Sr and Ba 
are rare. The factors that make these bonds unstable and reactive are still under investigation. 
I.4.1- Stabilizing effects of the AeC bond 
The stability of the AeC bonds relies mainly on the stability of the carbanion bound 
to Ca. These carbanions are stabilized by three main factors: negative hyperconjugation, 
mesomeric effects and hybridization of the carbanion. 
(a) The negative hyperconjugation is observed when the carbanion is substituted in its 
β-position with silyl groups. As show in Figure 1.3, the anionic charge in the filled p orbital of 
the carbanion is indeed delocalized to the antibonding * orbital of both the -SiC bonds. 
 
Figure 1.3. Negative hyperconjugation in a silylalkyl-calcium complex 
 
 (b) The mesomeric effect is observed when the negative charge of the carbanion 
bound to Ca can be delocalized to other atoms through a conjugated -system. The resonance 
structures obtained by delocalization of the negative charge into a benzylic and allylic system 
are shown in the Figure 1.4. 




Figure 1.4.  Resonance structures of benzyl and allyl calcium complexes. 
 
(c) The hybridization effect is observed when the negative charge is localized in a sp hybrid 
orbital having 50% of s-character (Figure 1.5). The electronegativity and the stability of the 






Figure 1.5. sp hybridization of acetylide calcium complexes. 
 
I.4.2- Synthesis of homoleptic alkyl calcium complexes 
The synthesis of alkyl calcium complexes is very challenging. The main problems 
concerning their synthesis include their high sensitivity to oxygen, moisture and temperature 
and the limited number of suitable precursors, which are CaX2 and metallic Ca. Pathways to 
the synthesis of homoleptic alkyl calcium precursors are shown in Scheme 1.11: (a) salt 
metathesis between AR (A = alkali metal, usually potassium, rarely lithium) and CaI2 in 
ethereal solvents; (b) transmetallation between HgR and activated Ca*; (c) direct alkylation of 
activated Ca* with  RBr; (d) redox transmetalling/ligand exchange (RTLE) between  the non-
toxic triphenylbismuth BiPh3, activated Ca* and RH; (e) acid-base ligand exchange between 
[Ca(NR2)2] and RH species having lower pKa values than the corresponding HNEE’ 
derivatives. 





Scheme 1.11. Synthesis of homoleptic alkyl calcium complexes. 
 
I.4.3- Homoleptic organocalcium compounds 
The organocalcium complexes reported to date can be classified in six families 
(Scheme 1.12): 
 (a) Dibenzyl calcium CaBz2 species :  they are obtained by transmetallation reactions 
from BzK and CaI2.
126–129
 Some derivatives have supplementary coordinating substituents and 
they are often used as precursors for the synthesis of heteroleptic complexes.
130,131
 
(b) Bis(allyl) calcium species: a whole family of (substituted) allyl calcium [Ca(3-
C3H5)2(L)n] complexes
132–135
 has been synthesized mainly by the group of Okuda, by reaction 
of the corresponding allyl potassium species with CaI2. Some of them have shown interesting 
catalytic applications in the ROP of cyclic esters.
136
  
(c) Bis(aryl) calcium species: these complexes are synthetized by reaction of the 
heteroleptic calcium aryl halide precursor [ArCaI(THF)n] with KO
t
Bu. The formation of the 





 (d) Bis(silylmethyl) calcium species: the most representative complexes of this family 




 and  
[Ca{C(SiMe2H)2}3(THF)2].
143
 They are synthetized in most of the cases by salt metathesis of 
the corresponding potassium alkyl and CaI2 species.  
 (e) Bis(acetylide) calcium species: these homoleptic compounds are obtained by 
reaction of [Ca(NR2)2] and phenylacetylene. They adopt a polymeric structure and they are 
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therefore insoluble. Only [(18-c-6)Ca(C≡CSiPh3)2] has been crystallized in the group of 
Ruhlandt-Senge by using the 18-crown-6 ether during the synthesis.
144
 
(f) Dicyclopentadienyl calcium species:
9,61–65,145–149
 they are often obtained from 
heteroleptic species by ligand scrambling. This strategy is particularly efficient when 




 Cyclopentadienyl derivatives 




Scheme 1.12. Examples of homoleptic organocalcium complexes. 
 
I.4.4- Synthesis of heteroleptic organocalcium compounds 
Heteroleptic alkyl species can be obtained via: 
 (a) a metathesis reaction between [(LnX)CaX’] (X’ = Br, I) and AR (A = Li, K; R = 
alkyl) to yield the desired complex [(LnX)CaR] with precipitation of AX’ as the driving force. 
 
(b) a metathesis reaction between [CaR2] and [(LnX)M] affords the [(LnX)CaR] and 
MR species. 
 




(c) alkane elimination reactions between [CaR2] and a proligand of the type (LnX)H 
that yield [(LnX)CaR] with release of the corresponding alkane RH. 
 
(d) acid-base reactions between [(LnX)Ca(NR2)] and RH afford the suited complex 
[(LnX)CaR], when the RH species has a higher pKa value than the corresponding amine 
HNR2. 
 
(e) an oxidative addition of RX’ to metallic Ca giving the complex [RCaX’]. This 
chemistry requires special equipment (metal vapor synthesis) or metal activation (with liquid 
NH3). 
 
 (f) displacement of the Schlenk equilibrium from the homoleptic complexes CaR2 and 
CaR’2 towards the heteroleptic side. 
 
Heteroleptic alkyl calcium compounds [(LnX)CaR] ((LnX)

 = monoanionic chelate 
ligand, R = alkyl) are of fundamental interest and only some of them have found catalytic 
applications. Few alkyl complexes have been isolated and well characterized nowadays. They 
are described below depending on the alkyl employed as nucleophile. 
 (a) Species containing silylmethyl moieties (Scheme 1.13): these complexes often 
undergo the Schlenk equilibrium and only four species could be isolated. 
[(N^N)Ca{CH(SiMe3)2}] ((N^N) = iminoanilide) was obtained by a “one pot” reaction 
(N^N)H, KCH(SiMe3)2 and CaI2 and then used for hydroelementation catalysis.
29
  The 
solvent free, four-coordinate [(To
T
)Ca{CH(SiMe3)2}] was synthesized from H(To
T
) and the 
homoleptic complex [Ca{CH(SiMe3)2}2(THF)2] and used for asymmetric hydroamination.
46
 
The complex [(Me3Si)2CH-BIAN}Ca{CH(SiMe3)2](THF)2, was obtained by dearomatization 
of the BIAN ligand by migration of a {CH(SiMe3)2}

 group from the homoleptic precursor 
and used for hydroamination.
27,28
 Finally, the complex [Cp*Ca{CH(SiMe3)2}(THF)3] was 
obtained by reaction of [Cp*2Ca] and LiCH(SiMe3)2 in Hanusa’s group.
67
 




Scheme 1.13. Heteroleptic calcium alkyl complexes containing silylmethyl ligands. 
 
(b) Species containing acetylide groups. Heteroleptic acetylide complexes are easily 
accessible by acid-base reactions from the heteroleptic amido complexes. Several examples 
have been reported and some of them have found interesting catalytic applications in the 
head-to-head dimerization of alkynes into butatrienes or 1,3-enynes.
21–23,67,68,144,151–153
 They 
usually show a dinuclear structure with bridging acetylide moieties (Scheme 1.14). 
 
Scheme 1.14. Heteroleptic calcium acetylide complexes 
 
(c) Species containing aryl moieties. Aryl halide or aryl amido complexes have been 
synthesized by oxidative addition of RX with activated Ca*.
70–83
 Some of these complexes 
have not been isolated because they partially undergo Schlenk-type ligand redistribution. An 
interesting example is the fluorinated aryl calcium with a triazenide ligand obtained by 
transmetallation/deprotonation of the ligand with pentafluorobenzyl mercury in the presence 
of metallic calcium
33
 (Scheme 1.15). 





Scheme 1.15. Heteroleptic calcium aryl complexes. 
 
(d) Species containing aminobenzyl moieties. As shown in Scheme 1.16, o-
dimethylaminobenzyl derivatives yielded a wide series of heteroleptic complexes of the type 
fluorenyl Ca benzyl, the additional N-coordination providing an increased stabilization effect. 
These compounds have been used for alkene polymerization
65,66,130,131,154,155
 or hydrosilylation 
catalysis.
58
 The synthesis usually involves deprotonation of fluorene with the homoleptic 
diaminobenzylcalcium species releasing the corresponding alkane as a driving force. Other 





Scheme 1.16. Heteroleptic fluorenyl-calcium-aminobenzyl complexes. 
 




Several homoleptic and heteroleptic Ae complexes containing differently substituted 
trispyrazolyl borate ligands have been described. The most remarkable feature of these 
chelating ligands is the ease of tuning steric and electronic properties of the complex by 
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changing the substituents on the ligand with the aim of preventing side reactions such as the 
Schlenk equilibrium. 
The homoleptic species [(Tp’)2Ca] have found interesting applications in Atom Layer 
Deposition (ALD) and Chemical Vapor Deposition (CVD).
157–159



























 (C* = 
CMe2CH2OCH3)
41


















)Ca{N(SiMe3)2}], whereas a five 
coordinate THF adduct [(Tp
iPr











)2Ca] was isolated, highlighting the need for a precise choice of the steric 
bulk at position 3 on the (Tp’) ligand.5,6,41–43 Alkoxy derivatives [(TptBu)Ca(OC6H3-2,6-
i
Pr2)(L)] (L = THF, propylene oxide)  were also obtained by reaction of 
[(Tp
tBu









In order to prevent ligand redistributions and benefit from the chelate effect, Chisholm 





 (C* = CMe2CH2OCH3). Interestingly, while the complex 
[(Tp
C*
)Ca{N(SiMe3)2}] is a five-coordinate species, exhibiting one dangling pyrazol armon 
the4-N,N’,O,O’-(TpC*) ligand, the compound [(TpC*)Ca(OC6H3-2,6-
i
Pr2)] is seven-
coordinate with a 6-(TpC*) ligand. Finally, the [TpC*Ca][I] and [TpC*Ca][TpC*] compounds 
are discrete ionic species.
41
  




Scorpionate species similar to Tp have been also investigated. Hydrobis and 
hydrotris(imidazolylidene)borates (C-based donors instead of N-based donors in (Tp’)) have 
been reported with mesityl and tert-butyl groups in 3-position.
56,57
 The corresponding iodo 
and silylamido THF adducts of Ca and Sr showed Ae···B-H agostic interactions in several 
cases. Less sterically congested iodo complexes often undergo the Schlenk equilibrium. 
Tris(pyrazolyl)methane derivatives such as the heteroleptic species  
[{C(Pz
Me2





 The tris(3-phenylpyrazolyl)methane ligand yielded [{C(Pz
Ph
)3}2Ca(DME)] 





 which is inert to ligand redistribution thanks to the 
t
Bu 
substituents and the additional stabilization of Si-H agostic interactions. 
Overall these data clearly indicate that it is still a challenge to understand the factors 
that control the structures and the kinetic lability of [(Tp’)CaX] complexes even with 
carefully designed (Tp’)ligands.  
 
I.6- Conclusion and perspectives 
In conclusion, heteroleptic calcium complexes constitute an important class of 
compounds, showing promising perspectives in several applications. Bulky (Tp’) ligands 
provided a stabilizing effect to Tp’Ae derivatives. In order to enhance the catalytic activities 
of these species, we thought it of interest to invert the electronic properties of the ligand by 





(Scheme 1.18) and therefore to investigate the consequences in terms of structure and 
reactivity. 
A large family of highly fluorinated hydrotris(indazolyl)borate ligands has been 
developed in our group
165–168
. They are versatile, highly voluminous ligands able to 
coordinate late transition metals like Cu(I) and Ag(I) to generate highly electrophilic 
complexes that are catalysts for carbene insertion (:CHCO2Et from ethyldiazoacetate) into 
alkane CH bonds including methane in supercritical CO2.
169
 Substituents in 3-position, in 
particular, may play a main role as they can be modified with either aromatic rings (Ph, 3,5-
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Me2-Ph, 3,5-CF3-Ph,) or fluorinated aliphatic chains ((CF2)nCF3, n = 0 – 7), conferring 
varying degrees of steric protection and electronic density to the metal centers. 
 
Scheme 1.18. Perfluorinated hydrotris(indazolyl)borate Ae complexes (X’ = 
monoanionic, labile nucleophile ligand). 
 




 ligands to Ae metals: on 
one hand, thanks to their highly electron-withdrawing properties, the polarity, hence the 
reactivity, of the AeX’ bond should increase in a heteroleptic complex of the formula [(Fn-
Tp
4Bo,3R
)AeX’] (X’ = halide, amido, alkoxide, alkyl). On the other hand, the steric hindrance 
of the substituted indazolyl moieties should protect the metal, preventing decomposition 
reactions, such as the Schlenk equilibrium. A particular interest has been focused on Ca
2+
. It 
is also important to mention that fluorine is an NMR-active nucleus routinely studied, that 
may provide valuable spectroscopic information concerning both the characterization of the 
complexes and the examination of the mechanisms involved in the reactions. 
 
 Furthermore, although it has not been previously mentioned, secondary interactions 
Ae-with neutral -systems 33,122,152,170 or several agostic interactions of the type Ae···CH, 
15,122,171
 Ae···SiH 52,172 or Ae···CF 54,122 provide additional stabilization to several Ae 
complexes. Some of these interactions will be also investigated. 




Chapter 1 : Homoleptic and 
heteroleptic complexes of calcium 
containing highly fluorinated (Fn-
Tp4Bo,3R)  ligands 





 adapted to calcium. For this aim, the 
synthesis of homoleptic complexes with the formula [(Fn-Tp
4Bo,3R
)2Ca] and the heteroleptic 
[(Fn-Tp
4Bo,3R




 was chosen based on the 
considerations outlined below.
 









 ligands are available: the 
3aryl substituted (aryl = phenyl, pentafluorophenyl, 3,5dimethylphenyl and 3,5-
bis(trifluoromethyl)phenyl) and the -perfluoroalkyl substituted ones (alkyl = (CF2)nCF3 with 
n = 0, 1, 2, 3, 5). Thanks to the different substituents, the steric and electronic features of the 
ligands can be finely tuned according to the needs. 
 






An advantage of these ligands is the easy characterization of their complexes by 
routine 
19




 ligands usually coordinate the metal center in a C3v 




symmetrical fashion, yielding four characteristic resonances corresponding to the four 
fluorine atoms on the benzo ring of the three equivalent indazolyl moieties. As an example, 
the 
19
F NMR spectrum of the complex [(F12-Tp
4Bo,3Ph
)Tl is shown in Figure 1.6. Its synthesis 
is described below. 
 
Figure 1.6.  
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, respectively, have been chosen as representatives of these two 
complementary series of fluorinated ligands and their coordination chemistry with Ca has 
been investigated. As described herein, the syntheses of both ligands involve several steps. 
 
1.1.1- Synthesis of [(F21-Tp
4Bo,3CF3
)Tl] (1) 
The first step for the preparation of the [(F21-Tp
4Bo,3CF3
)Tl] salt is the synthesis of the 
fluorinated indazole moiety (F7-Ind
CF3














The indazole was then employed for the synthesis of the corresponding sodium salt, 
[(F21-Tp
4Bo,3CF3





 After deprotonation of the indazole with NaH in DME, the indazolate 
reacted with HBBr2 generated in situ from BBr3 and HSiEt3 in a 3:1 ratio for 5 days. 
 




Finally a transmetallation step with Tl2SO4 in a biphasic CHCl3/H2O medium 
overnight at R.T. afforded the  hydrotris(3-trifluoromethyl-4,5,6,7-tetrafluoroindazolyl)borate 
thallium(I) species [(F21-Tp
4Bo,3CF3
)Tl] (1). The 
19
F NMR characterization of 1 in acetone-d6 
shows one doublet at δ 61.12 ppm for the CF3 and four multiplets in the aromatic region at δ 
147.53, 155.73,  161.37 and 167.10 ppm. 
 









1.1.2- Synthesis of [(F12-Tp
4Bo,3Ph
)Tl] (2) 
The synthesis of the indazole (F4-Ind
Ph











)K]  species is then obtained by reaction of (F4-Ind
Ph
)H with KBH4 
(3:1) in the without solvent (130 - 190 °C, 1h). Finally, transmetallation with TlSO4 in 
CHCl3/H2O overnight at R.T. yielded [(F12-Tp
4Bo,3Ph
)Tl] (2). NMR characterization of 2 in 
acetone-d6 includes resonances for the Ph group by 
1
H NMR at  δ 7.71 (o-C6H5) and  7.47 (m-
C6H5 and p-C6H5) ppm and multiplets for the benzo fluorine by 
19
F NMR at δ 145.65, 
156.62, 160.32 and 168.83 ppm. 
 











)2Ca] (3) and [Ca(THF)6][F21-
Tp
4Bo,3CF3
]2  (4) complexes. 
In order to understand the influence of the Ph vs. CF3 substitution into the coordination 












As a first key information, we observed that the transmetallation between [(Fn-
Tp
4Bo,3R
)K] and several Ca precursors did not occur. Despite the toxicity associated with 
thallium salts, we were forced to used the salts [(Fn-Tp
4Bo,3R
)Tl] as convenient precursors. 
1.2.1- Synthesis of [{F12-Tp
(4Bo,3Ph)*
}2Ca] (3) 
The reaction of two equivalents of 2 with CaI2 in a concentrated solution of THF did 
not provide the expected [(F12-Tp
4Bo,3Ph
)2Ca] but instead the rearranged complex [{F12-
Tp
(4Bo,3Ph)*
}2Ca] (3) as the major product in 39% yield. Surprinsingly, one of the indazolyl 




 is inverted through a 1,2borotropic shift in complex 3. 
 




Among by-products, the heteroleptic complex [(F12-Tp
4Bo,3Ph
)CaI(THF)] (4) (vide 
infra) and free indazole (F4-Ind
Ph
)H could be identified in the NMR spectra of the crude 
reaction mixture. Complex 3 showed signs of decomposition in solution at R.T. to yield the 
indazole (F4-Ind
Ph
)H and unidentified insoluble species. In contrast with the expected C3v 
symmetry of putative [(F12-Tp
4Bo,3Ph





H NMR data for 3 clearly point to an overall C2h structure in solution with two 




sets of resonances in a 2:1 ratio for each type of fluorine or hydrogen. In the 
19
F NMR 
spectrum (Figure 1.7) the four resonances corresponding to the benzo fluorine atoms are at 
145.37, 155.71, 165.71 and 171.55 ppm for the non-inverted indazolyl moieties, and at 
150.06, 159.26, 166.75 and 172.00 ppm for the inverted ones (ratio 2:1 respectively). 
Similarly, althought overlapped, the 
1
H NMR spectrum provided two sets of resonances in a 








F NMR spectrum of complex 3. 
 





related by an inversion center located on Ca, are tridentate forming a six coordinate distorted 
octahedral structure. As can be seen from Figure 1.8, two indazolyl groups (N3N4 and N5N6) 
are bound to boron via their N1-nitrogens (N4 and N6), pointing the C6H5 rings syn to the Ca 
center. The third indazolyl group, on the other hand, is “inverted”: it binds the boron atom via 
its N2-nitrogen (N2), thereby directing the phenyl ring syn to the boron. 
The CaN distance for the inverted indazolyl is considerably shorter than the other 
two (CaN1, 2.4328(14) Å vs. CaN3 and CaN5, 2.5252(14) and 2.5311(14) Å 
respectively). While the CaN3 and CaN5 bond lengths are slightly longer than in 







)2Ca] (average 2.502(9) Å),
44
 they are significantly elongated compared with those in 











indicating a weaker coordination to the metal center. 
 
 
Figure 1.8. ORTEP drawing of [{F12-Tp
(4Bo,3Ph)*
}2Ca]  (3). Selected bond distances (Å) 
and angles (°): N1–Ca1 2.4328(14), N3–Ca1 2.5252(14), N5–Ca1 2.5311(14), N2–B1 
1.556(3), N4–B1 1.547(2), N6–B1 1.556(3); N1–Ca1–N5 83.50(5), N1–Ca1–N3 
80.34(5), N3–Ca1–N5 74.72(5), N2–B1–N4 111.83(15), N2–B1–N6 110.64(14), N4–
B1–N6 109.70(14).  
 




ligand is almost parallel to the phenyl rings (angles between planes: 9° and 24°, 




 ligand; the 
C6F4 and C6H5 centroids are separated by 3.56 and 4.07 Å, respectively. These attractive π-π 
interactions between electron-deficient fluorinated benzo rings (C6F4) and phenyl (C6H5) 
substituents likely contribute to the stabilization of this regiochemistry.
174,175
 At the same time 
this inversion considerably reduces the steric congestion between the phenyl rings that would 
be present in the totally symmetric isomer. Actually steric congestion is likely at the origin of 
the rearrangement. A similar 1,2-borotropic shift has been described previously in the 












]2  (4) 





 has been investigated. The reaction between CaI2 and 
2 equiv. of [(F21Tp
4Bo,3CF3
)Tl] in THF yielded an insoluble yellow solid (TlI) together with a 
colorless solution. 
Crystals suitable for an XRay analysis were obtained by slow evaporation of the 
solution, yielding the structure of an unanticipated ionic species [Ca(THF)6][F21-Tp
4Bo,3CF3
]2 
(4), in complete contrast with the neutral molecular structure adopted in 3. The data set for the 
XRay diffraction study of the structure of complex 4 was poor (θmax = 40.82°; 
data/parameters 1902/434; R1 = 0.0664, wR2 = 0.1472). Although this precludes any detailed 
discussion, the connectivity shown in Figure 1.9 was unambiguously established. 
 




The stoichiometry of the reaction is therefore shown in Scheme 1.26. 










As shown in Figure 1.10, the 
19
F NMR spectrum of the crude reaction mixture shows 







 four signals corresponding to the four benzo 
fluorine atoms at 147.53, 155.70, 161.37 and 167.10 and one signal corresponding to the 








 Several compounds of the type [Ca(THF)6][anion]2 are known;
176–178
 consequently no 
attempts to further purify and analytically characterize 4 were made. It is remarkable that 








 plays the role of a counter ion, a rare situation in (Tp’) chemistry.179 We 
suggest that the ionic nature of this complex results from the high electron withdrawing power 




 decreasing its coordinating ability towards 
a hard Ca
2+
 center that prefers hard THF ligands and ionic bonding. Carrying out the reaction 
in 1,2dimethoxyethane (DME) in an attempt to get better crystals of 
[Ca(DME)6][F21Tp
4Bo,CF3









 (C* = CMe2CH2OCH3) has been previously described where Tp
C*
 
behaves either as a ligand or a counterion.41 As a ligand, (TpC*) coordinates in a highly 
favoured hexadentate mode involving the oxygens and the dangling arms. This precludes the 




 anion which consequently behaves as a counterion. In 4 





 that prevents its coordination to Ca
2+
. 
In conclusion, we have shown that the phenyl vs. trifluoromethyl substitution proves to 







 providing enough electron density and a 




 is too electron 







1.3.1- In situ characterization of [(F12-Tp
4Bo,3Ph
)CaI(THF)] (5) 
The synthesis of the more challenging heteroleptic Ca iodide derivatives was next 
investigated. CaI2 reacted with 1 equiv. of [(F12-Tp
4Bo,3Ph
)Tl] in THF affording what we 
suggest is an equilibrating mixture of [(F12-Tp
4Bo,3Ph
)CaI(THF)x] species. Workup of the 
reaction mixture under different conditions (concentration under vacuum, extraction with 
toluene, etc.) repeatedly yielded [(F12-Tp
4Bo,3Ph
)CaI(THF)] (5) as a major compound (ca 33 % 
yield) together with some complex 3 and free indazole (F4Ind
Ph
)H. Addition of one further 
equivalent of [(F12-Tp
4Bo,3Ph
)Tl] to 5 led quantitatively to the homoleptic species 3 together 
with TlI precipitate further substantiating the nature of 5 (Scheme 1.27). 











F NMR spectrum of 5 in acetone-d6 shows four resonances at δ 145.05, 155,92, 
165.48 and 171.65 ppm corresponding to the four benzo fluorine atoms of the ligand. The 
1
H NMR  spectra in acetone-d6, on the other hand, displays three resonances at δ 7.70, 7.34 
and 7.28 ppm corresponding to the Ph moieties and two resonances corresponding to free 
THF, suggesting a replacement of the coordinated THF molecule by acetone. In the 
1
H NMR 
spectrum in benzened6, coordinated THF resonates at δ 2.87 and 0.89 ppm. Integration of the 
THF and phenyl protons confirmed the formulation as a 1:1 THF:(F12-Tp
4Bo,3Ph
)Ca adduct for 





 ligand, indicates that 5 has a symmetrical orientation of the three indazolyl 
moieties.  
Despite numerous attempts, it proved impossible to fully purify and analytically 
characterize 5 and no crystals suitable for X-Ray diffraction could be obtained. As shown in 
the 
19
F NMR spectrum of Figure 1.11 (a),complex 5 appeared as the unique product in the 
present of coordinating solvents (THF or acetone) However, when the coordinating solvent is 
removed under vacuum (Figure 1.11 (b)), 5 converts to the insoluble homoleptic complex 3 
undergoing the Schlenk equilibrium (Scheme 1.28). Besides, this process is not reversible. 
The lack of solubility of 3 and the inversion of one indazolyl moiety by 1,2-borotropic shift 
kinetically precludes back-conversion, leading to a fully displaced Schlenk equilibrium.  







F NMR spectra of (a) [(F12Tp
4Bo,3Ph
)CaI(THF)](5) in acetoned6 





Scheme 1.28. Shifted Schlenk equilibrium for 5. 
 
Although, full evidence is lacking, we suggest that iodide is coordinated to Ca in 
complex 5 as reported for many other heteroleptic Ca compounds.
34,39,57,180–185
 An ionic 
structure for complex 5 with the formula [(F12-Tp
4Bo,3Ph
)Ca(THF)][I] could be also proposed 





Addition of one equivalent of [(F21-Tp
4Bo,3CF3
)Tl] to CaI2 in THF is followed by 
precipitation of yellow TlI. The 
19









 fails to coordinate Ca
2+
 in the system as well. 












 ligands to Ca. Phenyl vs. trifluoromethyl substitution in position 3 of the indazolyl 





 yielded complexes [{F12-Tp
(4Bo,3Ph)*
}2Ca] (3), and 
[(F12-Tp
4Bo,3Ph












 ligand turned out to be a good compromise in terms 
of steric protection and electron withdrawing properties. Although isolation of the heteroleptic 
halide complex [(F12-Tp
4Bo,3Ph
)CaI(THF)] (5) was hampered by Schlenk-like ligand 
redistribution, we thought of interest to try the synthesis of other heteroleptic species 
containing more voluminous and more stabilizing nucleophiles, such as silylamides, instead 














Chapter 2: Synthesis and catalytic 
activity of silylamido complexes of Ca 
and Sr containing the highly fluorinated 
(F12-Tp
4Bo,3Ph) ligand 
In this chapter, a family of heteroleptic silylamido precatalysts of Ca and Sr [(F12-
Tp
4Bo,3Ph
)Ae{N(SiMe2R)2}(THF)n] where Ae = Ca, Sr; R = H, Me; x = 0, 1 containing the 
electron-withdrawing highly fluorinated hydrotris(3-phenyl-4,5,6,7-tetrafluoroindazolyl) 
borate ligand are presented.  The synthesis involve metathesis of [(F12-Tp
4Bo,3Ph
)Tl] (2) with 
the homoleptic bis(silylamido) complexes [Ae{N(SiMe2R)2}2(THF)n], containing two kinds 




. The latter provides additional 
stabilization by -SiH agostic interactions.52 All the complexes obtained are stable towards 
ligand redistribution (Schlenk equilibrium).  
THF-adducts and THF-free precursors have been examined for the synthesis of [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe2R)2}(THF)n] for the two kinds of amido ligands for comparison 
purposes. It is known that THF has an influence on the catalytic process. For example 
[Ca{N(SiMe3)2}2(THF)2] (6) is more active in the cyclohydroamination catalysis than 
[Ca{N(SiMe3)2}2] (7). However, the catalytic activity of the THF-free heteroleptic complex 




The cyclohydroamination catalysis has been explored. High activity for one of the 
complexes synthesized has been observed. Besides, interesting agostic interactions found in 
some of the complexes are analyzed. 
 
2.1- Precursors 
In this paragraph, the synthesis of the four kind of precursors used to prepare the 
heteroleptic complexes is detailed. 




2.1.1- Synthesis of [Ca{N(SiMe3)2}2(THF)2](6) 
Complex 6 was prepared following a modified published procedure.
171
 In a salt 
metathesis reaction, KN(SiMe3)2 was added to activated CaI2 in THF and heated to reflux for 
two days. Extraction with pentane and recrystallization gave pure [Ca{N(SiMe3)2}2(THF)2] 
(6) in 74 % yield as a white solid (Scheme 1.29).
 1
H NMR in benzene-d6 gave one signal for 
the SiMe3 groups at  0.31 ppm and two THF signals at  3.61 and 1.34 ppm. 
 
Scheme 1.29. Synthesis of precursor 6. 
 
2.1.2- Synthesis of the THF-free [Ca{N(SiMe3)2}2] (7) and 
[Sr{N(SiMe3)2}2] (8) 
KN(SiMe3)2 was added to activated CaI2 in ether and heated to reflux for two days. 
Extraction with pentane and recrystallization gave pure [Ca{N(SiMe3)2}2] (7) (Scheme 1.30). 




H NMR of 7 in 
benzene-d6 gave one signal for the SiMe3 groups at  0.29 ppm. 
 
Scheme 1.30. Synthesis of precursor 7. 
 
The same synthetic procedure using SrI2 gave [Sr{N(SiMe3)2}2] (8). 
1
H NMR of 8 in 
benzene-d6 gave one signal for the SiMe3 groups at  0.25 ppm. 
 
2.1.3- Synthesis of [Ca{N(SiMe2H)2}2(THF)] (9) 




 causes a stabilizing effect by 
formation of -SiH agostic interactions. The synthesis of 9 is based on a reported 
procedure.
52
 A transamination reaction takes place after dropwise addition of HN(SiMe2H)2 to 
a cold solution (0 ºC) of [Ca{N(SiMe3)2}2(THF)2] (6) and stirring for 2.5 h. Volatiles were 





removed to obtain a waxy solid. Repeated stripping with pentane gave 
[Ca{N(SiMe2H)2}2(THF)] (9) as a white solid in 73 % (Scheme 1.31). 
1
H NMR in benzene-d6 
gave one signal for the SiMe3 groups at  0.44 ppm, two THF signals at  3.74 and 1.36 and 
the SiH signal at 4.94 ppm. 
 
Scheme 1.31. Synthesis of precursor 9. 
 
Infrared spectrum was obtained by ATR in the solid state under inert conditions 
(Scheme 1.32). One stretching band is observed atSiH = 2007 cm
1
 (s) with a shoulder at SiH 
= 1875 cm
1




Scheme 1.32. Infrared spectra of 9 in the solid state. 
 
2.1.4- Synthesis of the new THF-free [Ca{N(SiMe2H)2}2] (10) 
Whereas [Ca{N(SiMe2H)2}2(THF)] (9) was known, the THF-free analogue 
[Ca{N(SiMe2H)2}2] (10) had never been synthesized up to date. Similarly to 9, a 
transamination reaction takes place after dropwise addition of HN(SiMe2H)2 to a cold solution 
(0 ºC) of [Ca{N(SiMe3)2}2] (7) and stirring for 2.5 h. Pumping off volatiles yielded a waxy 
solid. Repeated stripping with pentane yielded [Ca{N(SiMe2H)2}2] (10) in 87 % yield as a 
white solid which was analytically and spectroscopically characterized (Scheme 1.33). 
 
Scheme 1.33. Synthesis of precursor 10. 









H} NMR at R.T. showed two pair of signals: one pair of signals in the 
SiH region at  5.07 and 4.61 ppm in a ca 1:1.3 ratio and one pair of signals in the SiMe3 
region at  0.43 and 0.35 ppm by 1H NMR and  4.54 and 4.06 ppm by 13C{1H} NMR. The 
complex is fluxional as revealed by a variable-temperature 
1
H NMR study in the 358-183 K 
range.  
Attemps at growing single crystals of 10 suitable for X-Ray diffraction analysis failed 
due to both the high solubility of the complex in all solvents and the decomposition of 10 to 
give an unidentified polymeric material (characterized by broad 
1
H NMR signals and poor 
solubility). On the basis of the NMR data presented below, which include a DOSY 




Si NMR spectra, it is proposed that 
complex 10 is a trinuclear Ca species of the type [Ca{N(SiMe2H)2}2]3. The structure is 
suggested to be a linear array of three calcium atoms bridged by four {N(SiMe2H)2}

 units 
and framed by two terminal {N(SiMe2H)2}
ligands, as shown in Scheme 1.34. 
 
Scheme 1.34. Schematic view of the proposed trinuclear structure for 
[Ca{N(SiMe2H)2}2]3 (10) with labels according to the NMR spectra. B, C and D are 
tentative assignments.  
 
For comparison purpose, the diffusion coefficients of 10 and the dinuclear complex 
[Ca{N(SiMe3)2}2] (7) were measured by DOSY NMR in toluene-d8 at 298 K. The values 












 for 7) indicated that 10 has a higher 
nuclearity than 7, i.e., the complex is larger than a dimer.  
Variable-temperature 
1
H NMR performed in the 358 - 183 K range is shown in Figure 
1.12. 






Figure 1.12. Variable-temperature 
1
H NMR spectra of 10 in toluened8. Low field 
enlargement = SiH region; high field enlargement = SiCH3 region. * residual 
HN(SiMe2H)2 
 
In the fast exchange limit (358 K), two resonances for the SiH and the SiCH3 groups 
were observed at  4.48 and 0.37 ppm respectively (1:6 ratio, label A’’). By decreasing the 
temperature to 338 K, a first exchange process was revealed where each of the SiH and 





 was calculated by a graphical method.
190
 It is suggested that this dynamic process 
corresponds to the energy barrier of the exchange between bridging and terminal amido 
ligands.  
Upon further cooling below 253 K, the SiH and SiCH3 groups of A’ split into four 
and eight separate resonances (B-E) respectively. The approximate free energy G‡253  40 
kJ.mol
1
 of this second exchange process was calculated by the Gutowsky-Holm equation.
191
 
This dynamic process likely corresponded to the presence of equilibrating agostic -SiH 
interactions between the bridging silylamido ligands and the calcium centers, which are 
frozen in the slow exchange limit. 
NOTA BENE: For the calculation of the free energy of B-E to give A’, the Gutowsky-
Holm equation has been used. This method is a simplification that can be applied only for two 
equally populated exchanging sites. In this case, there were four signals, and so the average of 




B-C and D-E was used. For this reason, the quoted value is only an indication of the 
magnitude of G‡. 
In the slow exchange limit (183 K), the 
1
H NMR spectrum shows five types of 
SiMe2H signals (A and BE) in a 2:1:1:1:1 ratio at  5.25 (s, 4H, SiHA), 4.88 (s, 2H, SiHB), 
4.74 (s, 2H, SiHC), 4.41 (s, 2H, SiHD) and 4.36 (s, 2H, SiHE) ppm. They correspond to five 




Si  HMQC 2D experiment) at  0.64 
(s, 24H, SiCH3A), 0.61 (s, 6H, SiCH3E), 0.43 (s, 6H, SiCH3E), 0.39 (s, 6H, SiCH3C), 0.38 (s, 
6H, SiCH3D), 0.34 (s, 6H, SiCH3B), 0.24 (s, 6H, SiCH3C), 0.18 (s, 6H, SiCH3D), 0.15 (s, 6H, 
SiCH3B) ppm. Integration of 2:1:1:1:1 for the A-E SiH signals in the 
1
H NMR spectrum 
indicated a minimum of 6 SiH units in complex 10. There must be two {N(SiMe2H)2}

 units 
per Ca center, which leads to a nuclearity of Ca as a multiple of 3. The formula of the 
molecule can be written as [Ca{N(SiMe2H)2}2]3n where n ≥ 1. 
Evidence for -SiH agostic interactions in 10 came from a 1H29Si HMQC 2D NMR 
experiment at 183 K. In fact, this experiment was the definitive clue for the suggested 
structure (Figure 1.13). 
 
Figure 1.13. SiH region enlargement of the 1H 29Si HMQC 2D spectrum of 10 in 
toluene-d8 at 183 K. 
 
Correlations between five different 
29
Si signals at  23.7, 15.3, 14.0, 13.9 and 
11.9 ppm are observed with the HA, HC, HB, HD and HE protons respectively (
1
JSiH = 152, 





146, 143, 147 and 122 Hz respectively). Besides, each Si has a correlation with two Me 
groups as expected. 
1
JSiH coupling constants in the range 140-160 Hz indicate the presence of 
-SiH agostic interactions.52,192  
Signal A exhibiting the weaker Ca···SiH agostic interaction with 1JSiH (A) = 152 Hz 
was assigned to the terminal {N(SiMe2H)2}

 groups. All signals B-E with the same 
integration (half that of A) were assigned to the bridging {N(SiMe2H)2}

 groups. For SiHE, a 
stronger Ca···-SiH interaction is reflected by the lower 1JSiH (E) = 122 Hz.
52,143,193
 We 
suggest this stronger agostic interaction involves SiHE and the two terminal three-coordinate 
Ca centers. Signals B, C and D then correspond to bridging ligands with weaker SiH agostic 
interactions although complete assignment is precluded.  
The presence of SiH agostic interactions was further corroborated by solid-state 
ATR-IR spectroscopy (Figure 1.14): while SiH of HN(SiMe2H)2 is found at 2122 cm
1
, three 
SiH absorptions are observed in the region 1900 to 2300 cm
1
. The lowest SiH at 1905 cm
1
, 
significantly lower than that for [Ca{N(SiMe2H)2}2(THF)]
52
 most likely reflects a stronger 
Ca···-SiH interaction. The presence of three SiH frequencies in the SiH stretching modes 







Figure 1.14.  Infrared spectra of 10 in the solid state. 
 
With the exception of the agostic interactions, the only previous example of a 




 which exhibits a 
similar variable-temperature 
1
H NMR behavior. Trinuclear homoleptic Mg compounds 
displaying two different ligand environments in a 1:2 ratio for the terminal and bridging 




positions are more common.
195–198
 A similar complex [Sm{N(SiMe2H)2}2]3(THF)2 has a 
trimeric structure similar to the one proposed for 10.
199
 
Among many attemps to grow single crystals of complex 10, 18-crown-6 was added to 
a solution of 10 in pentane to induce the crystallization. Instead, crystals of  the ionic complex 
[(18-c-6)Ca{N(SiMe2H)2}][Ca2{N(SiMe2H)2}4{O(SiMe2)N(SiMe2H)2}] (11) were obtained. 
The structure is depicted in Figure 1.15.  
 
 
Figure 1.15. Drawing (top) and ORTEP view (down) of complex [(18-c-
6)Ca{N(SiMe2H)2}][Ca2{N(SiMe2H)2}4{OSiMe2N(SiMe2H)2}] (11). Selected bond 
lengths (Å): Ca1···Si3 = 3.1639(12), Ca1···Si6 = 3.2255(12), Ca2···Si4 = 3.1584(13), 
Ca1···Si3 = 3.2208(14), Ca1N3 2.481(3), Ca1N2 2.461(3), Ca2N3 2.511(3), 
Ca2N2 2.545(3), Ca1N1 2.327(3) and Ca2N5 2.321(3). 
 
The cationic part of 11 is a mononuclear amido complex with the formula [(18-c-
6)Ca{N(SiMe2H)2}]
+
. It is observed that a CaNamido bond in 10 has been cleaved and 18-
crown-6 ether coordinates instead. The anionic part is a dinuclear complex with the formula 
[Ca2{N(SiMe2H)2}4{OSiMe2N(SiMe2H)2}]

. In addition to two terminal and two bridging 
{N(SiMe2H)2}

 groups, a bridging OSiMe2 moiety is inserted between the two calcium 





centers and one bridging amido ligand. Although utmost care was used in all reported 
experiments, oxygen O7 most probably comes from traces of water in the medium. 
Presumably, SiN bond formation results from the reaction of the free amine HN(SiMe2H)2 
with a SiH bond releasing H2 in a cross-dehydrocoupling reaction of organosilanes with 
amines.
103,104
  This coupling has been already observed by crystallization of the complex 
[(LO
4






CaN distances in 11 are in the normal range of other similar complexes. Bridging 
CaN distances (Ca1N3 2.481(3), Ca1-N2 2.461(3), Ca2N3 2.511(3) and Ca2N2 
2.545(3) Å) are longer than terminal CaN distances (Ca1N1 2.327(3) and Ca2N5 2.321(3) 
Å), all very similar to 9. 
Some of the SiH bonds from bridging {N(SiMe2H)2}

 are at short distances with the 
Ca centers: Ca1···Si3 = 3.1639(12) Å, Ca1···Si6 = 3.2255(12) Å, Ca2···Si4 = 3.1584(13) Å 
and Ca1···Si3 = 3.2208(14) Å, suggesting the presence of agostic interactions Ca···SiH. 
Bridging Ca···Si distances in 11 are comparable to those obtained for the dimer 
[Ca{N(SiMe2H)2}(THF)]2 (9)
111
 (3.102 to 3.169 Å).  
 





2.2.1- Synthesis of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}·Ln](L = THF, n = 1 
(12a) or n =  2 (12b); L = Et2O, n = 1(12c)) 
Two pathways have been used for the synthesis of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}·Ln]. 
The formation of the complexes is ascertained by NMR, although the yields in both cases are 
very poor and the complex could not be satisfactorily isolated. 
Pathway A: “one pot” 
The one pot procedure reported for the synthesis of several Ca amido complexes, 
including tris(pyrazolyl)borate ligands
6
 was not successful for the synthesis of 12a-c. 
Addition of THF or Et2O to a 1:1:1 mixture of KN(SiMe3)2, CaI2 and [(F12-Tp
4Bo,3Ph
)Tl] (2) 




provided the heteroleptic compounds [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}·Ln] where L = THF, n =  
2 (12b); L = Et2O, n = 1 (12c), after extraction with toluene, in extremely low yields (Scheme 




 ligand or resulting from BN 
bond cleavage were observed in all cases. Further purification of 12b was attempted. After 
extraction with a 1:3 toluene/pentane mixture, 12b lost one molecule of THF to give 12a in 
very low yield. All products 12a, 12b and 12c decomposed in solution at R.T. after a few 
hours. 
 
Scheme 1.35. “One-pot” reaction of KN(SiMe3)2, CaI2 and [(F12-Tp
4Bo,3Ph
)K] (2): in 
THF (up) to give [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(THF)2] (12b) and  [(F12-
Tp
4Bo,3Ph










)] (13) (Scheme 1.36). The indazolate ligand originate from 




 group by BN bond cleavage. Coordination-induced BN 
bond cleavage of tris(pyrazolyl)borates
200
 and hydrobis- and tris- (imidazol-2-ylidene-1-yl) 
borates
56,57
 have been observed previously. CN bond cleavage in a tris(3-phenyl-
pyrazolyl)methanide complex of calcium has also been reported.
164
 






Scheme 1.36. Transformation of 12b to 13 during the crystallization. 
 
The X-Ray molecular structure of 13, depicted in Figure 1.16, features a formally 
seven coordinate Ca with two coordinated THF molecules and a 2-indazolate ligand (similar 









 with CaN7 (2.400(3) Å) significantly shorter than CaN8 (2.469(3) Å).  
 




)(THF)2] (13). Selected 
bond lengths (Å) and bond angles (°): Ca1N1 2.584(3), Ca1N3 2.532(3), Ca1N5 
2.600(3), Ca1N7 2.400(3), Ca1N8 2.469(3); N1Ca1N5 75.78(8), N3Ca1N5 
85.24(9), N3Ca1N1 76.69(8), N7Ca1N8 32.39(9), N7Ca1N3 83.30(9), 
N7Ca1N5 88.55(9), N7Ca1N1 155.40(10), N8Ca1N3 110.10(9), N8Ca1N5 
108.14(9), N8Ca1N1 172.16(9). 
 




Pathway B: From [Ca{N(SiMe3)2}2(THF)2] (6) 
The reaction of [Ca{N(SiMe3)2}2(THF)2] (6) with 2 was performed in several solvents 
(THF, toluene, pentane) and did not give either 12a or 12b. Surprinsingly, only the starting 
material was observed. 
2.2.2- Synthesis of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] (14) 
The reaction of 2 with an excess of the THF-free precursor [Ca{N(SiMe3)2}2] (7) in 
pentane for two days provided the heteroleptic [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] (14) in 67% 
yield. Compound 14 was characterized by stardard analytical/spectroscopic techniques, and 
the solid-state structure was analyzed by single-crystal X-Ray diffraction. 
 
Scheme 1.37. Synthesis of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] (14) from 2 and 7. 
 
Complex 14 has a C3v symmetry as ascertained by 
19
F NMR in benzene-d6 with four 
signals ( 144.2, 151.5, 153.6, 164.0 ppm) for the benzo fluorine atoms of the equivalent 






H NMR spectrum displays one singlet for the Me 
group of the {N(SiMe3)2}

 ligand ( 0.34 ppm) and three multiplets ( 7.53, 7.31 and 7.23 





The synthesis and purification of 14 proved to be challenging due to the involvement 
of an equilibrium process between reagents and products. This equilibrium was clearly 
observed when a small-scale reaction was performed. Complexes 2 and 7 were placed in an 
NMR tube and benzene-d6 was added. The reaction was monitored by 
19
F NMR. From t = 0, 
(Figure 1.17 entry a) we observed formation of 14 over a period of 30h (Figure 1.17 entry c). 
After evaporation of the solvent and redissolution in benzene-d6, partial re-appearance of 2 
was observed (Figure 1.17 entry d). In other words, the reverse reaction had occurred during 
the evaporation according to an equilibrium process. We suggest that 2, which is less soluble 





in benzene than 13, precipitates after evaporation displacing the equilibrium towards the 











)Tl]; b) 1:1 
 
reaction mixture over a 
period of 3 h (▲ = [(F12-Tp
4Bo,3Ph
)Tl]; ● = [(F12-Tp4Bo,3Ph)Ca{N(SiMe3)2}]); c) 
reaction mixture over a period of 30 h; d) 1:1 reaction mixture after evaporation and 
re-dissolution in benzene-d6. 
 
The isolation of complex 14 was therefore achieved by carrying out the reaction in a 
concentrated pentane solution. Complex 7 was added in excess (1.5 to 2 equivalents) in order 
to displace the equilibrium. After 2 days at R.T., 2 and 14 had precipitated due to their poor 
solubility in pentane, leaving the extremely soluble 7 and TlN(SiMe3)2 in solution. Following 
filtration and washing with pentane, 7 and TlN(SiMe3)2 were fully separated from solid 2 and 
14. Separation of 14 from 2 was possible by extraction of 14 with a 1:3 toluene/pentane 
mixture. Evaporation of the solvents gave 14 as an analytically pure white solid in 67% yield. 
Traces of air or water lead to immediate decomposition of 14 with the formation of an 
unidentified white precipitate and HN(SiMe3)2. 








 ligand, 14 was found to be 
inert towards the Schlenk equilibrium. Indeed, heating a benzene-d6 solution of 14 at 60 ºC 
over a period of 2 h did not result in any apparent decomposition nor in ligand redistribution. 
Addition of THF to a benzene-d6 solution of 14 suggested the formation of a mixture of THF 
species [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(THF)x]. Concentration under vacuum yielded 12a 
together with free indazole, as ascertained by NMR. 
An ORTEP drawing of the solid state molecular structure of 14 is given in Figure 1.18 
along with selected bond distances and angles. Complex 14 has a monomeric structure where 
the Ca atom is four-coordinate in a distorted tetrahedral geometry. The B1, Ca1 and N7 
(amido) atoms are almost collinear (165º). The distortion of the tetrahedron is such that 
Ca1Nindz bond lengths are longer for N2 and N4 (2.5084(14) and 2.4989(16) Å) than for N6 
(2.4566(15) Å) and the angle N2Ca1N4 (71.79(5)º) is smaller than those involving N6 
(84.13(5) and 85.49(5)º). These parameters are comparable to those observed for the 
homoleptic complex [{F12-Tp
(4Bo,3Ph)*
}2Ca] (3) even though the latter exhibits one inverted 
indazolyl ring.   
 
Figure 1.18. ORTEP drawing of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] 14. Selected bond 
lengths (Å) and bond angles (°): Ca1N7 2.2342(15), Ca1N2 2.5084(14), Ca1N4 
2.4989(16), Ca1N6 2.4566(15), Si1C40 1.895(2), Si1C43 1.884(2); N7Ca1-N2 
146.79(6), N7Ca1N4 126.94(5), N7Ca1N6 121.82(5), N2Ca1N4 71.79(5), 
N2Ca1N6 83.13(5), N4Ca1N6 85.49(5), Ca1N7Si1 113.07(8), Ca1N7Si2 
112.12(8). 
 





Despite the distortion and the low coordination number, complex 14 does not show 
any agostic interaction, as ascertained by the equal angles Ca1N7Si1 and Ca1N7Si2 of 
113.07(8) and 112.12(8)°, the almost equal SiC distances of 1.895(2) and 1.884(2) Å, barely 
longer than common SiC distances (ca 1.87 Å), and the CaC40 and CaC43 bond values of 
ca 3.1 Å, much larger than the sum of the covalent radii (2.52 Å)
201
 or even the Van der 
Waals radii (3.01 Å).
202
 








 with 2.313(1), 2.286(3) and 2.303(4) Å respectively. This can be 












 containing a tridentate amino-
-diketiminate ligand are the only two other known examples bearing 3-N-bound ligands. 
 
2.2.3- Synthesis of [(F12-Tp
4Bo,3Ph
)Sr{N(SiMe3)2}](15) 
The strontium analoge of 14 has been synthesized similarly (Scheme 1.38). Reaction 
of 8 and 2 in pentane during two days at R.T., removing the solution by filtration, extraction 







F NMR of 15 are qualitatively similar to those for 14. 
A single resonance for the SiCH3 groups was observed at all temperatures between 183 and 
298 K. 
 









An X-Ray structure has been obtained for 15. An ORTEP drawing and selected bond 
distances and angles are shown in Figure 1.19. The Sr center in complex 15 is only four-
coordinate, a truly remarkable feature for such a large metal. Only two heteroleptic four-





 containing the imino-
anilide ligand. 15 is therefore the first heteroleptic four-coordinate Sr complex bearing a 
tripodal 3-N-bound ligand.  
 
Figure 1.19. ORTEP drawing of [(F12-Tp
4Bo,3Ph
)Sr{N(SiMe3)2}] (15). Selected bond 
lengths (Å) and bond angles (°): Sr1N7 2.4219(18), Sr1N1 2.6129(16), Sr1N3 
2.5784(16), Sr1N5 2.7629(16), Si1C64 1.890(3), Si2C62 1.867(3) Sr1C46 
3.358(2); N7Sr1N1 104.69(6), N7Sr1N3 106.91(6), N7Sr1N5 166.96(6), 
N1Sr1N3 78.20(5), N3Sr1N5 62.36(5), N1Sr1N5 66.97(5), Sr1N7Si1 
106.84(10), SrN7Si2 126.74(10). 
 
Unlike the Ca analogue 14, the coordination sphere in 15 is strongly distorted and the 
geometry around Sr is best described as a trigonal bipyramid with a seemingly vacant 
equatorial coordination site as sketched in Figure 1.20. N5 (in one indazolyl moiety) and N7 
(in the amido group) occupy the apical positions (N7Sr1N5 166.96(6)º) and N1 and N3 
define two of the equatorial sites. Remarkably, the vacant equatorial site is occupied by one of 
the CH3 groups of the {N(SiMe3)2}

 ligand, suggesting that an agostic distortion is present in 
15.  






Figure 1.20. Different geometrical environments for complexes 14 (left) and 15 (right) 
highlighting the coordination polyhedra (distorted tetrahedron vs trigonal bipyramid, 
respectively) in shaded grey. 
 
The two SrNSi angles are indeed quite different: Sr1N7Si1 (106.84(10)º) is 
significantly less obtuse than Sr1N7Si2 (126.74(10)º).  The distance Sr1···C64 (2.996(3) 
Å) is longer than the sum of the covalent radii of Sr and C (2.71 Å)
201
  and much shorter than 
Sr1···C62 (ca 3.81 Å). The sum of the van der Waals radii of Sr (2.49 Å) and C (1.70 Å) 
gives a value of 4.19 Å.
202
 The CaNSi angles for the SiMe groups directed towards the Ca 
in the {N(SiMe3)2}
ligand are Sr1N7Si1 (106.84(10)º) for the interacting SiMe and more 
obtuse SrN7Si2 (126.74(10)º) for the non interacting SiMe. The SiC distance is barely 
longer for the interacting Si1C64 1.890(3) than for Si2C62 1.867(3) Å. 
The distortion in complex 15 could be explained along three lines: a -agostic 
M···CH interaction, a -agostic M···SiC interaction or a distortion caused by steric 
repulsion. DFT calculations performed for several complexes with the formula 
[M{E(SiMe3)2}3] (E = N or CH, M = group 15, f-element) and in some cases neutron 
diffraction studies support a -agostic M···SiC interaction rather than a -agostic M···CH 
interaction.
204–206





  and {N(SiMe3)2}
could have an influence on the geometry of the complex, but 
the distortion is more likely governed by the highly electron-deficient metallic center which 
originate the M···SiC interaction just mentioned. In any case, interligand steric distortion is 
easier for the larger Sr in complex 15 than for the smaller Ca in complex 14. 




 ligand is likely forming a 
SrC interaction at Sr1···C46 3.358(2) Å, but this value is slightly out of the cut-off distance 
of  3.30 Å.
122
 




Other Sr complexes featuring a non symmetrical arrangement of the {N(SiMe3)2}

 
ligand have been previously described,
56,203,207–209
 although the difference between the two 
SrNSi angles is in all cases smaller than that observed in 14. The Sr1N5 bond trans to the 
amido is significantly longer (2.7629(16) Å) than Sr1N1 (2.6129(16) Å) and Sr1N3 
(2.5784(16) Å), those two being in a range typical of [Tp’2Sr] complexes.
158,162
  The Sr1N7 






 (2.446(2) and 2.463(2) Å respectively), outlining the 






2.3- Synthesis of heteroleptic alkaline-earth complexes based on 
the {N(SiMe2H)2}

 moiety. Stabilizing -SiH agostic interactions. 
With the aim of obtaining more stable complexes, we have taken profit of the 
precursors 9 and 10 which are stabilized by -SiH agostic interactions. Characterization of 
the M···HSi agostic interaction includes: lower values of SiH coupling constants 1JSiH, 
upfield shift in the 
1
H NMR spectrum and a red shift of the SiH in the IR spectrum.
210
 Two 
new heteroleptic complexes [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}(THF)n]  with THF (n = 1) (16) 





The reaction of 2 with the THF-containing precursor 9 in pentane over a period of 2 
days provided, after filtration, extraction with a 1:3 toluene/pentane mixture and evaporation,  
[(F12-Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}(THF)] (16) as the major compound (36 % yield) (Scheme 
1.39). Formation of a black precipitate is observed during the reaction, which likely 
corresponds to decomposition of TlN(SiMe2H)2 to metallic Tl and HN(SiMe2H)2.  
 
 






Scheme 1.39. Synthesis of complex 16. 
 
Despite numerous attempts, it proved impossible to fully purify and analytically 
characterize 16. No crystals of 16 suitable for X-Ray diffraction could be obtained. In 




F NMR revealed the presence of several 






F NMR of 16 shows four signals for the 
benzo fluorines of the (F12-Tp
4Bo,3Ph
)
ligand. The 1H NMR spectrum of 16 shows, apart from 




 ligand,  a single SiH resonance at  4.69 
ppm, a SiCH3 resonance at  0.01 ppm and one coordinated THF molecule, with remarkably 
shielded protons at  2.68 and 0.70 ppm. The 1H29Si HMQC 2D NMR spectrum showed one 




Attempts to obtain 16 by addition of THF to the THF-free complex 17 (described 










Complex 17 was synthesized by reaction of 2 with an excess of 10 in pentane. 
Complex 17 could be isolated following the same conditions as for 16 in 37% yield (Scheme 
1.40). Again, metallic thallium precipitation is observed but it is easily separated as reported 
for 16. 
 





Scheme 1.40. Synthesis of complex 17. 
 
Complex 17 was fully characterized by elemental analysis, NMR and solid state IR 
spectroscopies. In the 
1
H NMR spectrum at 298 K, the SiH resonance of 17 ( 4.13 ppm) is 
significantly up-field with respect to the free amine ( 4.92 ppm) as expected for agostic SiH 
interactions.
210
 In the 
1
H29Si HMQC 2D NMR spectrum, the SiH resonance is observed at  
24.1 ppm as a doublet with 1JSiH = 159 Hz, corresponding to mild to weak agostic 
interactions.
52
 As shown next by the X-Ray structure, this 
1
JSiH value is an average of the two, 
one agostic and one non-agostic, SiH bonds which are equivalents in solution. However, no 
decoalescence of the SiH or SiMe signals was observed by variable-temperature 1H NMR 
in the 298 to 193 K range in toluene-d8. 
The solid-state structure of 17 was determined by X-Ray diffraction (Figure 1.21). The 
metal center is four-coordinate, an uncommon feature for Ca complexes, with a short 
CaNamido distance (CaN7 = 2.261(2) Å), barely longer than that in 14. Examination of the 
Ca{N(SiMe2H)2} fragment strongly supports the presence of an agostic Ca···HSi contact, as 
the two SiMe2H moieties are clearly non-equivalent. This is reflected by the difference 
between the obtuse Ca1N7Si1 and more acute Ca1N7Si2 angles (134.99(13)° and 
97.92(10)° respectively), corresponding to a much shorter Ca1···Si2 distance (3.0003(9) Å) as 
compared to Ca1···Si1 (3.655(1) Å). Interestingly, the agostic hydrogen H2a has been 
unambiguously localized (Ca1···H2a = 2.41 Å), affording a nearly planar arrangement 





 Ca complexes which also 
exhibited -SiH agostic interactions. The presence of this interaction is likely to confer a 





certain degree of stability, since 17 appeared significantly less reactive towards air and 
moisture than 14. 
 
Figure 1.21. ORTEP drawing of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}] 17. Selected bond 
lengths (Å) and bond angles (°): Ca1N7 2.261(2), Ca1N2 2.481(2), Ca1N4 
2.474(2), Ca1N6 2.458(2) Ca1H2a 2.41(2); N7Ca1N2 141.26(8), N7Ca1N4 
133.31(8), N7Ca1N6 125.26(8), N2Ca1N4 75.97(7), N2Ca1N6 75.80(7), 
N4Ca1N6 82.40(7). 
 
The solid state ATR-IR spectrum is shown in Figure 1.22. Two SiH stretching bands 
are clearly observed at SiH = 2044 and 1888 cm
1
, the latter corresponding to the agostic 
distortion. The signal at ca 2200 cm
1





Figure 1.22. Infrared spectrum of 17 in the solid state. 
 
The synthesis of the analogue complex of Sr from 2 and [Sr{N(SiMe2H)2}2] failed. It 
is suggested that the main reason is the complete lack of solubility of [Sr{N(SiMe2H)2}2] in 




pentane, contrary to the case of Ca. Several products containing the fluorinated ligand were 
formed and no new characteristic signals of SiH or SiMe were observed by 1H NMR.  
 
2.4- Cyclohydroamination catalysis 
The experiments presented herein were performed by Sorin C. Rosca, Dr. Yann 
Sarazin and Pr. Jean-François Carpentier in the Institut des Sciences Chimiques de Rennes 
(Université de Rennes, France) within a collaboration framework. 
Our efforts towards the synthesis of 14 were rewarded upon examination of its 
catalytic performance for the cyclohydroamination of 1-amino-2,2-dimethyl-4-pentene (S) 
(Scheme 1.41), a standard aminoalkene for which abundant data are available in the literature. 
The reactions were carried out in NMR tubes. Complex 14 was weight into the glovebox in an 
NMR tube. The tube was sealed and vigorously shaken, then inserted into the spectrometer 
probe preset at the required temperature. The kinetics were monitored over 3 or more half-
lives on the basis of amine consumption, by comparing the relative intensities of resonances 
characteristic of substrate and product. Representative results are gathered in Table 1.1. 
 
Scheme 1.41. Cyclohydroamination reaction of S catalyzed by 14. 
 
 
Table 1.1. Representative data for the cyclohydroamination of S catalysed by 14 at 25 
°C: [a] Reaction conditions: 3.0 mol of precatalyst, 1.2 mL of benzene-d6. [b] 
Reaction conditions: 3.0 mol of precatalyst, 1.8 mL of benzene-d6. [c] Reaction 
conditions: 3.0 mol of precatalyst, 1.7 mL of benzene-d6. [d] The conversions were 
determined by 
1
H NMR monitoring 
 





In all cases, the ring-closure of S proceeded selectively according to Baldwin’s rules 
(5-exo-trig) leading to the exclusive formation of 2,4,4-trimethylpyrrolidine. Virtually 
complete conversion of 50 and 200 equivalents of S was observed within 6 and 16 min. 
respectively, at room temperature. This reactivity highlights the high catalytic activity of 14, 




,29 outperforms that of the homoleptic complexes [Ca{N(SiMe3)2}2(THF)n] 
(n = 0 or 2) or [Ca{CH(SiMe3)2}2(THF)2],
12












 amido species. Therefore, 14 represents one of the most efficient pre-
catalysts reported to date for the cyclohydroamination of S. When large loadings of 400 and 
600 equivalents of aminoalkene were used, conversion peaked at 85% and 57% after 27 and 
18 min., respectively. These results can be ascribed to catalyst decomposition, in accord with 
the formation of an unidentified white precipitate during the catalytic runs.  
Kinetic monitoring was performed by 
1
H NMR spectroscopy at 0 °C since at 25 °C 
complex 14 was found too active for reliable measurements. Substrate consumption followed 
first-order kinetics; no induction period was observed (Figure 1.23). The semi-logarithmic 
plots of monomer conversion versus reaction time were linear over 3 half-lives, with the 
apparent rate constants kapp values ranging from 0.0005 s
1
 to 0.0013 s
1
 for 125 and 50 
equivalents of S, respectively with kapp = k[14] expressed in s
1
 and in which k is the reaction 




, see below. The reaction rates decreased when higher substrate 
concentrations were used, pointing to possible catalyst inhibition by the product. 
 
Figure 1.23. Semilogarithmic plot of substrate conversion versus reaction time for the 
cyclohydroamination of S (0.12, 0.24 and 0.31 M) catalysed by 14. Reaction 
conditions: 0 °C, 3.0 mol of precatalyst in benzene-d6 (1.2 mL). 
 




To determine the effect of the precatalyst concentration upon the reaction rate, the 
cyclohydroamination of S was performed at 0 °C with initial concentrations [14]o varying 
from 3.60 mM to 7.14 mM. The linear plot of ln(kapp) versus ln([14]o) had a slope of 1.05 
suggesting first-order dependence upon pre-catalyst concentration. Thus, the rate law for the 
cyclohydroamination of the aminoalkene S catalysed by 14 is given in Equation (1): 
r = k[14][S]                                                             (1) 
 
 
Figure 1.24. Plot of ln(kapp) vs. ln([14]) for the cyclohydroamination of 2,2-
dimethylpent-4-en-1-amine catalyzed by  14 at different precatalyst concentrations 
(3.60, 4.76 and 7.14 mM). Reaction conditions: 0 °C, 3.75 mmol of substrate, total 
volume = 1.25 mL.  
 
Some examples of catalytic systems based on heavier alkaline-earth metals which 
feature such kinetic rate law include the imino-anilide Ba-amido and -alkyl pre-catalysts,
29
 
and Mg-based pre-catalysts supported by tris(oxazolinyl)phenylborate
211
 or phenoxy-amine 
ligands.
212
 First-order dependence upon substrate concentration has been observed for other 
heavier Ae-based catalytic systems.
29,53
 However, reaction rates with zeroth-order in 
substrate
53




Two possible mechanisms have been elucidated for the cyclohydroamination by 
alkaline-earth metals (Scheme 1.42): (a) -insertion of the insaturated C=C bond followed by 
an aminolysis reaction or (b) concerted proton-assisted non insertive pathway through a six-
membered transition state. In both cases the first step is the transamination reaction between 
the precatalyst and the substrate.  
The rate law obtained r = k[14][S] is consistent with both mechanisms, under the 
condition of rate-limiting aminolysis in pathway (a) which is uncommon. However, DFT 













alkyl] and anilido-imine-Ae 
complexes suggested that pathway (b) may be significantly more energy demanding, and 




 = cyclopentadienylbis(oxazolinyl)borate, (ToM) = 
tris(oxazolinyl)borate).
105–107
 Based on these DFT calculations, the -insertive mechanism is 
proposed for complex 14. 
 
Scheme 1.42. Possible mechanisms for the cyclohydroamination catalysis by complex 





The strontium complex 15 was also evaluated in the intramolecular hydroamination 
reaction of S, displaying a much lower catalytic activity than its Ca analogue. The reaction 




with 50 equivalents of the aminoalkene at 25 °C only provided a conversion of 10% in 7 min. 
Signs of catalyst decomposition were noted with the formation of a white precipitate at the 
bottom of the NMR tube within seconds after the reactants were mixed. Apparently, the active 
species in the strontium case decomposes much faster than in the calcium case. 
The more challenging intermolecular hydroamination of styrene and pyrrolidine was 
attempted using 14 as precatalyst (Scheme 1.43). Unfortunately, no conversion was observed 
upon heating to 60 °C for two days. Decomposition of 14 was noticed at the early stage of the 
reaction. A low activity of the precatalyst was expected, literature findings showing that the 
activity of alkaline-earth complexes in intermolecular hydroamination increases with the ionic 




Scheme 1.43. Hydroamination reaction of styrene and pyrrolidine catalysed by 14 did 
not give any conversion. 
 
2.5- Conclusion 
The synthesis and characterization of silylamido complexes of Ca and Sr [(F12-
Tp
4Bo,3Ph





 ligand have been detailed. Most of them were fully characterized. 
From the THF-free precursors [Ae{N(SiMe3)2}2] (Ae = Ca, Sr) we have obtained the 
corresponding [(F12-Tp
4Bo,3Ph
)Ae{N(SiMe3)2}]. When Ae = Sr, an agostic distortion involving 
one of the SiMe3 groups is observed. Coordination of ethereal solvents (Et2O or THF) to these 
complexes gave more problematic manipulations. For this reason, a new THF-free precursor 
[Ca{N(SiMe2H)2}2] was also synthesized. Complexes containing {N(SiMe2H)2}

 are 
stabilized by -SiH agostic interactions. 
All complexes proved to be inert towards the Schlenk equilibrium due to the high 




 ligand. Thanks to its electron-withdrawing 
properties, cyclohydroamination with [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] as precatalyst yielded 
one of the highest catalytic activity reported to date for alkaline-earth complexes. However, 





the activity of this complex is limited by the degradation of the catalyst over time or when 
high substrate loadings were used. 
  










Chapter 3: Synthesis and 
characterization of heteroleptic calcium 
alkyl complexes containing the highly 
fluorinated (F12-Tp
4Bo,3Ph)  ligand 
Organometallic chemistry of calcium remains a permanent challenge, especially when 
heteroleptic alkyl calcium complexes are considered. Taking profit of the stability towards 
Schlenk equilibrium observed for the calcium silylamido heteroleptic complexes supported by 




 ligand, the synthesis of heteroleptic calcium alkyl 
complexes with the formula [(F12-Tp
4Bo,3Ph
)Ca(R)·Ln] (R = {CH(SiMe3)2}

, L = THF, n = 1; R 
= (PhC≡C), n = 0) was attempted. 
In general, the conditions for the synthesis and purification of these complexes need to 
be carefully controlled. Alkyl calcium complexes are extremely sensitive, not only to air and 
moisture, but also very often to temperature. As explained in the introduction, different 
strategies have been used for the stabilization of alkyl calcium complexes. They are based on 
the use of either acetylides or alkyls containing substituents in β-position able to stabilize the 
negative charge by hyperconjugation or resonance interactions. Also the coordination of 
donor solvents gives a stabilizing effect, although some of them, such as THF, may react with 
the alkyl complex itself.
122
 For all these reasons, isolation and characterization of heteroleptic 
alkyl calcium compounds is often limited. 
This chapter firstly describes the synthesis and in situ characterization of the complex 
[(F12-Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19). Attempts to isolate this compound failed due to 
its extreme sensitivity to temperature. The second part of the chapter refers to the isolation of 
the dinuclear acetylide complex [(F12-Tp
4Bo,3Ph
)Ca(C≡CPh)]2 (21). As reported for other 
acetylide calcium complexes, compound 21 has been obtained by acid-base reaction between 
the amido calcium derivative [{F12-Tp
4Bo,3Ph
}Ca{N(SiMe3)2}] (14) and the terminal alkyne 
PhC≡CH.  
 




3.1- Synthesis of [(F12-Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19) 
The heteroleptic complex [(F12-Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19) was obtained 
by reaction of [(F12-Tp
4Bo,3Ph
)Tl] (2) with [Ca{CH(SiMe3)2}2(THF)2] (18)
141
 in toluene-d8 for 
5 min at R.T. and immediately kept at 40 °C (Scheme 1.44). Formation of a black precipitate 
is observed during the reaction, which likely corresponds to decomposition of TlCH(SiMe3)2 
to metallic Tl and CH2(SiMe3)2. Attempts to isolate 19 were unsuccessful. The extreme 
sensitivity of the compound to the temperature led to its immediate decomposition, precluding 
any attempt at purification. Addition of pentane to a concentrated solution of the crude 
reaction mixture at 40°C failed to precipitate 19. 
 
Scheme 1.44. Synthesis of complex 19. 
 
Complex 19 is bright red in solution and the disappearance of the color was always 
associated to its decomposition. Although the origin of this color is unknown, other alkyl 










C 1D and 2D NMR spectra. 









H NMR spectra of 19 show 





indicating a symmetrical orientation of the three indazolyl moieties in solution. The 
19
F NMR 
spectrum displays four signals at 143.12, 150.90, 154.25 and 163.88 ppm 




 ligand. The 1H NMR 
spectrum (Figure 1.25) of the crude reaction mixture revealed the formation of 19 as the 
major product. Among byproducts the precursor 18 (usually added in small excess in order to 





fully complete the reaction) and CH2(SiMe3)2 (formed by decomposition of TlCH(SiMe3)2) 




H NMR spectrum of 19 at 223 K in toluene-d8. By-products are shown in 
grey. 
 
Complex 19 displays characteristic 
1
H NMR resonances at 7.80, 7.38 and .08 ppm 




 ligand and 
at 0.29 and 2.32 ppm for the SiMe3 and CHSiMe3 groups, respectively. As shown in 
Figure 1.26, two pairs of THF signals are observed by 1H NMR at low temperature. They 
coalesce to one signal at R.T. due to a dynamic process. This exchange process has been also 
shown by a ROESY experiment (Figure 1.26, b). The lability of coordinated THF molecules 
is commonly observed for alkaline-earth complexes,
213
 and this dynamic behavior may often 
prevent the appropriate crystallization of the species. 





Figure 1.26. a) 
1
H NMR spectra of 19 at 298 K and 223 K. b) ROESY NMR spectrum 
of 19 at 223 K. All experiments were performed in toluene-d8. 
 
13
C NMR signals were assigned by 2D HMQC and HMBC NMR experiments. Three 




 ligand at 129.54 (m-
C6H5), 128.38 (p-C6H5) and 128.16 (o-C6H5) ppm; two signals for the THF at 67.57 (t, 
1
JCH 
= 147 Hz, O-CH2) and 24.95 (br, CH2) ppm, and two signals corresponding to the 
{CH(SiMe3)2}

 moiety at  17.08 (d, 1JCH = 89 Hz, CaCH) and 5.72 (q, 
1
JCH = 116 Hz, 
SiMe3) ppm. Remarkably, the 
1
JCH coupling constant  for the Ca{CH(SiMe3)2} unit has a very 




JCH = 89 Hz) and the 
precursor 18 (
1
JCH = 96 Hz). These low values can be attributed more to the presence of an 
electropositive Ca atom than to the presence of an agostic CH interaction. The X-Ray 
structure of complex 18,
141
 indeed, does not show any agostic Ca···CH distortion, indicating 
that the low coupling constant is therefore a consequence of the electropositive nature of the 
metal involved. 
In order to get more information about complex 19 and probe the formation of the 
CaCH bond, we next investigated the reactivity of compound 19 toward 13CO2. 







)Ca{CH(SiMe3)2}(THF)] (19) towards 
13
CO2 
The insertion reaction of labelled 
13
CO2 into the CaC bond of complex 19 was 
performed as follows. 2 bars of 
13
CO2 were added to the in situ generated complex 19 at 80 







C NMR spectra of the crude reaction mixture indicated the formation of the 
complex [(F12-Tp
4Bo,3Ph
)Ca{OCOCH(SiMe3)2}(THF)x] (20) as the major product (Scheme 
1.45). For unknown reasons, product 20 decomposed overnight at R.T. in solution to give 
several products and a yellowish solid. 
 
Scheme 1.45. Synthesis of complex 20. 
 
Among by-products, the CH2(SiMe3)2 species, derived from the synthesis of 19, traces 
of the carboxylate product resulting from the insertion of 
13
CO2 into the CaC bond of the 
precursor 18 and other unknown byproducts could be identified in the 
1
H NMR spectra of the 
crude reaction mixture. The 
19
F NMR of 20 shows four signals (149.11, 156.57, 160.22 







H NMR of 20 displays three multiplets (7.72, 7.39 and 7.20 ppm) for the 




 ligand, two broad singlets ( and  ppm) for 
the coordinated THF molecule, one doublet (ppm, 2J13CH = 8 Hz for the CH proton of 
the 
13
CO2-CH(SiMe3)2 unit and one singlet (0.06 ppm) for the SiMe3 group (Figure 1.27). 




 in solution, a 




 ligand can be inferred for 20. 







H NMR of complex 20 in toluene-d8 at R.T. By-products are shown in 
grey. 
 
In the same fashion, the 
13
C NMR spectrum shows a carboxylate resonance (188.29 
ppm, 
2
JCH = 8 Hz) corresponding to the labelled Ca-
13
COO- moiety and two singlets ( 67.90 
and 25.65 ppm) for the coordinated THF molecule. The signals corresponding to the 
{CH(SiMe3)2}

 carbons could not be assigned. The formation of 20 is therefore 
unambiguously proved by the data collected although no efforts towards the isolation of 
complex 20 were done from this NMR scale reaction. 
 
3.2- Synthesis of [(F12-Tp
4Bo,3Ph
)Ca(C≡CPh)] (21) 





 ligand is the acetylide complex [(F12-Tp
4Bo,3Ph
)Ca(C≡CPh)] (21). This complex 
was obtained from a simple acid-base reaction between the heteroleptic amido complex [{F12-
Tp
4Bo,3Ph
}Ca{N(SiMe3)2}] (14) and phenylacetylene PhC≡CH. Evaporation of volatiles and 
recrystallization in toluene/pentane at 40 °C gave pure 21 in 95% yield as a white solid 
(Scheme 1.46). 












F NMR spectrum at R.T. showed four signals for the four equivalent benzo 




 ligand at 143.97, 151.42, 154.37 and 164.44 ppm. The 
1
H NMR at R.T. showed three signals (7.56, 6.96 and 6.81 ppm) for the ortho-, meta- and 




 and three signals (6.61, 6.53 
and 6.23 ppm) for the aromatic para-, meta- and ortho- protons of the (PhC≡C) ligand 
respectively (Figure 1.28). The two sets of resonances are in a 3:1 ratio according to the 






F} spectrum,  the signals corresponding to the (PhC≡C) 
moiety were found at  130.07 (Cortho), 128.01 (Cpara), 127.15 (Cmeta), 124.00 (Cipso) and 
119.30 (C) ppm. All the other quaternary carbon atoms, including the C of the (PhC≡C) 




















Single crystals of 21 suitable for X-Ray analysis were obtained. The structure of 21 is 
depicted in Figure 1.29. Complex 21 is dinuclear like the majority of the acetylide calcium 
complexes, with the exception of compound [(BDI)Ca(C≡CSiiPr3)(THF)2]
19
  that crystallizes 
in both a mononuclear and dinuclear form.  
 
Figure 1.29. ORTEP drawing of [(F12-Tp
4Bo,3Ph
)Ca(C≡CPh)]2 (21). Selected bond 
lengths (Å) and bond angles (°): Ca1N1 2.562(5), Ca1N3 2.485(5), Ca1N5 
2.449(6), Ca2N7 2.578(5), Ca2N9 2.574(5), Ca2N11 2.497(5), Ca1C48 2.492(7), 
Ca1C1 2.6021(6), Ca1C2 2.841(6), Ca2C1 2.542(7), Ca2C48 2.568(7), 
Ca2C49 3.025(7), Ca1Ca2 3.7639(19), Ca2C33 2.986(6), 
Ca1C48C49 159.2(6), Ca2C1C2 176.4(5), Ca2C48C49 100.9(5), 
Ca2C48C49 88.8(5), C1C2C3 179.4(8), C48C49C50 176.1(8). 
 
Before describing the structure of complex 21, it is worthy to mention that dinuclear 
heteroleptic Ca and Sr acetylide compounds can be either symmetrical with the acetylide 
moiety perpendicular to the Ae···Ae vector (Scheme 1.47, a) or non-symmetrical (Scheme 
1.47, b). In some cases, the non-symmetry of the two angles may be induced by the 
coordination of either additional ligands (like THF in a Sr example
19
) or coordinated ether 
appendages in the acetylide moiety.
21,214
 “Side-on” interactions between the C≡C unit and the 
Ca atom may also yield the non-symmetrical acetylides. The strength of these interactions is 
quantified along with the values of the MCC () and M’CC () angles, ranging 
between a totally symmetrical coordination ( = ) and a completely “side-on” coordination 
( –  = 90°). It has been proposed that higher values of  –  enhance the dissipation of the 
negative charge of the acetylide over both alkynyl carbons.
22
 






Scheme 1.47. Dinuclear acetylide complexes: (a) Symmetrical and (b) “side on” 
coordination of the bridging acetylide units. 
 
Complex 21 shows a “side on” coordination of the acetylide groups, with π 
interactions between the Ca atoms and the C≡C units. Both Ca centers are pentacoordinated 
with a highly distorted environment. The “side-on” interactions for the two acetylide moieties 
are extremely different: for the acetylide based on C48,  – = 58.3° whereas for the 
acetylide based on C1, a larger value of  –  = 87.6° was obtained (Figure 1.30). The latter, 
in particular, is very close to the value of 90°, highlighting a strong  interaction between the 
C≡C bond and the Ca1 atom. The only complex showing a large value  – = 92.6° is the 
[(BDI)Ca{C≡CCH2N(CH3)2}] compound.
21
 In addition, compared to similar dinuclear Ca 
acetylide complexes, the Ca2C2 core is not planar, displaying a folded shape with an angle of 
150.38° between the C48Ca1C1 and the C1Ca2C48 planes (Figure 1.30.). 
 
Figure 1.30. Side view (a) and front view (b) of the Ca2C2 core of complex 21. 
 
The non-symmetry of the two bridging acetylides may be attributed to a secondary 





According to the literature, this kind of secondary interactions are relevant for values of 




Ca···C ≤ 3.13 Å.122,170 As seen in Figure 1.31, the Ca2 center shows a Ca···C interaction 




 ligand coordinated to Ca1. The Ca2···C33 distance is 
2.986(6) Å , smaller than the threshold value. 
 
Figure 1.31. Ca···C interaction of Ca2 and C33 in complex 21. 
 
Other secondary interactions, such as the - stacking between aromatic rings may 
contribute to the stabilization of the structure (Figure 1.32). The phenylacetylide based on C3 
forms a - stacking interaction with the benzo ring of the indazolyl group based on N5 with a 
distance between centroids of 4.26 Å and an angle between the aromatic planes of 12.93°. The 
phenylacetylide based on C50, on the other hand, is involved in two - stacking interactions: 
on one side with one benzo ring of the indazol based on N11 (3.57 Å and 2.12°) and on the 
other side with the phenyl substituent of the indazol based on N1(4.467 Å and 12.87°). 
 
Figure 1.32. stacking interactions between fluorinated benzo and phenyl rings in 
complex 21. 
 





Compared to the previously described dinuclear acetylide Ca compounds, which all 
display a D2 symmetry in the solid state, complex 21 is highly asymmetric, showing the most 
distorted structure reported to date.  
 
3.3- Conclusion 
Two complexes belonging to the rare family of heteroleptic calcium alkyl complexes 




 ligand have been synthesized. Complex [(F12-
Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19), contains a bis(trimethylsilyl)methanide ligand and is 
obtained by a transmetallation reaction from 2 and 18. Stability issues prevented its isolation 
allowing only its in situ characterization by NMR. The remarkably low value of the 
Ccoupling constant (1JCH = 89 Hz) is likely due to the electropositive character of the Ca 
centers bound to the C atom. The complex is highly sensitive to temperature, decomposing 
to insoluble unknown products above 40 °C. Although isolation of 19 was not possible, 
reactivity towards 
13
CO2 in an NMR scale reaction yielded the product [(F12-
Tp
4Bo,3Ph
)Ca{OCOCH(SiMe3)2}(THF)x]  20, resulting from the insertion of one CO2 molecule 
into the CaC bond. 
The dinuclear acetylide compound [(F12-Tp
4Bo,3Ph
)Ca(C≡CPh)] (21) represents the 





ligand. This complex was fully characterized by NMR and X-Ray diffraction. The extremely 
distorted structure of complex 21 is unique. Not only does it contain an non-symmetrical 
Ca2C2 core with two different Ca···C≡C -interactions, but it displays also one Ca-C 




 ligand and three - 
stacking interactions between the Ph groups on the acetylide units and the aromatic rings on 
the fluorinated ligand. The electropositive character of the Ca atoms is probably enhanced by 
the highly electron-withdrawing properties of the fluorinated ligand, explaining the highly 
distorted structure observed in the solid state. 
 
  







Experimental section first part 
A. General methods 
All air- and moisture-sensitive compounds were handled using vacuum line, Schlenk, 
and cannula techniques, or in a JACOMEX GP-Concept glovebox under an argon atmosphere 
(O2 < 3 ppm, H2O < 1 ppm). Solvents were dried and distilled using the conventional 
methods by Na/benzophenone (diethyl ether, tetrahydrofuran), Na (toluene) or CaH2 
(dichloromethane, cyclohexane, pentane) or passed on activated alumina columns then 
degassed by freeze-pump-thaw cycles. Deuterated solvents and reactants (benzene-d6, 
toluene-d8, acetone-d6) were degassed by freeze-pump-thaw cycles, dried over molecular 
sieves, and stored under argon. HN(SiMe2H)2 (97%) was dried over activated 3 Å molecular 
sieves. HN(SiMe3)2 was distilled over CaH2. The substrate 1-amino-2,2-dimethyl-4-pentene 
(S) was prepared according to literature methods.
215
 KN(SiMe3)2 was prepared from KH and 
HN(SiMe3)2 following the same procedure used for KN(SiMe2H)2.
52
  [Ca{N(SiMe3)2}2] and 












)Tl] were prepared as previously reported.
166,167,169
 CaI2 and 
SrI2 (Aldrich: anhydrous, beads, -10 mesh, 99.999% trace metal basis) were used as received. 
Unless stated otherwise, NMR spectra were recorded by using J. Young valve NMR tubes at 


























C 125.82) spectrometers. Chemical shifts for 
1
H NMR were determined using residual proton signals in the deuterated solvents and 
reported vs. SiMe4. Chemical shifts for 
13









NMR experiments were carried out when needed. DOSY NMR experiments were carried out 
on a Bruker Avance 500 MHz spectrometer equipped with a 5 mm triple resonance inverse Z-




P, BB). The DOSY spectra were acquired at 293 K with the 
stebpgp1s pulse program from Bruker topspin software. All spectra were recorded with 16K 
time domain data point in the t2 dimension and 16 t1 increments. The gradient strength was 
linearly incremented in 16 steps from 2% up to 95% of the maximum gradient strength. All 
measurements were performed with a compromise diffusion delay Δ of 100 ms and a gradient 
pulse length δ of 1,8 ms. Infrared spectra were performed on a Perkin Elmer 100 FT-IR 
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spectrometer equipped with an ATR device for measurements in the solid state into a 
glovebox. Elemental analyses (London Metropolitan University or Analytical service of the 
LCC) are the average of at least two independent measurements. 
 
B. Synthesis of the complexes described in Chapter 1  
Characterization of [(F12-Tp
4Bo,3CF3
)Tl] (1).  
 
19
F NMR (282 MHz, acetone-d6, 298 K) δ 61.12 (d, 9F, JFF = 13.5 Hz, CF3), 
147.53 (tq, 3F, JFF = 19.1, 13.6 Hz, F-4), 155.73 (td, 3F, JFF = 18.6, 9.9 Hz,  F-6), 161.37 







H NMR (400 MHz, acetone-d6, 298 K): δ 7.71 (dd, 6H, JHH = 5.4, 2.2 Hz, o-C6H5), 
7.47 (m, 9H, m-C6H5, p-C6H5) ppm. 
19
F NMR (376 MHz, acetone-d6, 298 K) δ 145.65 (t, 
3F, JFF = 19.2 Hz, F-4), 156.62 (d, 3F, JFF = 14.8 Hz,  F-6), 160.32 (t, 3F, JFF = 18.5 Hz, 
F-7), 168.83 (t, 3F, JFF = 19.6 Hz, F-5) ppm. 
19
F NMR (376 MHz, benzene-d6, 298 K) δ 
144.29 (t, 3F, JFF = 19.2 Hz, F-4), 152.19 (d, 3F, JFF = 13.2 Hz,  F-6), 156.00 (m, 3F, F-









)Tl] (0.35 g, 0.346 mmol) and CaI2 (0.0224 g, 0.173 mmol) 
were placed in a Schlenk flask and THF (3 mL) was added while stirring. A yellow precipitate 
appeared immediately. After a few minutes the slurry became orange and then yellow again. 
The slurry was then decanted and a colorless solution with a thin white solid over a yellow 
precipitate was obtained. The overlaying solution was carefully removed under vacuum and 
the remaining solid was washed with toluene (5 mL) and then extracted with acetone. 
Evaporation of the solvent afforded 3 as a white solid (0.062g, 39%).  
Route b. [(F12-Tp
4Bo,3Ph
)CaI(THF)] (5) was generated in situ as described below. A 
second equivalent of [(F12-Tp
4Bo,3Ph
)Tl] was then added. A yellow precipitate appeared. After 
filtration of the slurry, the volatiles were removed to yield a white solid whose NMR data 
were identical as those above. 
 1
H NMR (300.13 MHz, acetone-d6, 298 K): δ 7.70 (m, 8H, o-C6H5), 7.35 (m, 20H, 
m-, m’-, o’-C6H5), 7.12 (m, 6H, p-, p’-C6H5) ppm. 
19
F NMR (282.38 MHz, acetone-d6, 298 
K): δ 145.37 (t, 8F, J =19.7 Hz, F-4), 150.06 (m, 4F, F-4’), 155.71 (m, 8F, F-6), 159.26 
(m, 4F, F-6’), 165.71 (m, 8F, F-7), 166.75 (m, 4F, F-7’), 171.55 (m, 8F, F-5), 172.00 
(m, 4F, F-5’) ppm. 11B{1H} NMR (96.29 MHz, acetone-d6, 298 K): δ 0.6 (s) ppm. Anal. 
Calcd. for C78H32N12B2F24Ca: C, 56.60; H, 1.94; N, 10.15. Found: C, 56.48; H, 2.02; N, 










)Tl] (0.150 g, 0.152 mmol) and CaI2 (0.0225 g, 0.076 mmol) were 
placed in a Schlenk flask and THF (3 mL) was added while stirring. A yellow precipitate 
appeared immediately. After a few minutes the slurry became orange and then yellow again. 
The solvent was removed under vacuum and the remaining solid was extracted with acetone. 
Evaporation of the solvent afforded 4 as a white solid (0.130 g). No efforts to further purify 
this material were attempted.  
19
F NMR (282.38 MHz, acetone-d6, 298 K): δ 61.11 (d, 18F, JFF = 14.4 Hz, CF3), 
147.53 (qt, 6F, JFF = 14.4; 18.6 Hz, F-4), 155.70 (td, 6F, JFF = 18.3; 10.3 Hz, F-6), 





(96.29 MHz, acetone-d6, 298 K): δ 0.4 ppm. Crystals were obtained by slowly diffusion of 




)CaI(THF)] (5).  
 
A THF solution (8 mL) of [(F12-Tp
4Bo,3Ph
)Tl] (0.089 g, 0.09 mmol) was added 
dropwise (45 min) to a stirred THF solution (8 mL) of CaI2 (0.026 g, 0.09 mmol). A yellow 
precipitate appeared immediately. After 1h stirring, THF was removed under vacuum and the 
resulting solid was extracted with toluene. NMR showed the presence of 5 together with 3 and 
indazole. 
1
H NMR (300.13 MHz, acetone-d6, 298 K): δ 7.70 (d, 6H, JHH = 7.8 Hz, o-C6H5), 
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7.34 (t, 6H, JHH = 7.3 Hz, m-C6H5), 7.28 (t, 3H, JHH = 7.3 Hz, p-C6H5), 3.66 (br, 4H, THF 
OCH2), 1.79 (br, 4H, THF CH2) ppm. 
19
F NMR (282.38 MHz, acetone-d6, 298 K): δ 
145.05 (t, 3F, JFF = 19.7 Hz, F-4), 155,92 (m, 3F, F-6), 165.48 (t, 3F, JFF = 19.1 Hz, F-




H} NMR (96.29 MHz, acetone-d6, 298 K): 
δ 0.3 (s). 1H NMR (300.13 MHz, benzene-d6, 298 K): δ 7.76 (m, 6H, o-C6H5), 2.87 (THF, 
4H), 0.89 (THF, 4H) ppm. 
19
F NMR (282.38 MHz, benzene-d6, 298 K): δ 144.29 (m, 3F, 
F-4), 151,76 (m, 3F, F-6), 153.83 (t, 3F, JFF = 20.1 Hz, F-7), 164.22 (t, 3F, JFF = 19.7 
Hz, F-5) ppm. No elemental analyses could be obtained; see text. 
 
C. Synthesis of the complexes described in Chapter 2 
Synthesis of [Ca{N(SiMe3)2}2(THF)2] (6)     
CaI2 (3.8 g, 12.9 mmol) was activated in THF (130 mL) for 30 min at 30-40°C for half 
an hour. Previously prepared KN(SiMe3)2 (5.16 g, 25.9 mmol) was added and the mixture was 
refluxed for 2 days. The white suspension obtained was pumped-off until obtention of a white 
sticky solid. After extraction with pentane and concentration under vacuum until a big amount 
of solid is precipitated while cooling down, the remaining dark yellow solution was filtered 
out while is it still cold. The remaining white solid was dried (4.76 g, 73.5 % yield).  
1
H NMR (400.16 MHz, benzene-d6, 298 K): δ 3.61 (m, 8H, OCH2), 1.34 (m, 8H, 
CH2), 0.31 (s, 36H, SiMe3) ppm. 
 
Synthesis of [Ca{N(SiMe3)2}2] (7)     
CaI2 (1.31 g, 4.46 mmol) was crushed into the glovebox and placed in a Schlenk. 
KN(SiMe3)2 (1.78 g, 8.93 mmol) and diethylether (75 mL) were added to the Schlenk and the 
suspension (white solid + slightly orange solution) was stirred at 32°C for 2 days without 
refrigerant, with release of the gas pressure from time to time. The slurry was filtered and the 
solid extracted with 100 mL of pentane. This solution was pumped-off until a precipitate 
appeared. When a considerable amount of solid has precipitated, the suspension is filtered 
when it is still cold to obtain 7 as a white solid. (1.34 g, 83% yield). 
1




The same procedure was used to obtain [Sr{N(SiMe3)2}2] (8).  
1
H NMR (400.16 MHz, benzene-d6, 298 K): δ 0.25 (s, SiMe3) ppm. 
 
Synthesis of [Ca{N(SiMe2H)2}2(THF)2] (9) 
Complex 6, [Ca{N(SiMe3)2}2(THF)2] (0.549 g, 1.09 mmol) was placed in a 100 mL 
Schlenk flask. Pentane (15 mL) was added and the solution was cooled to 0°C. HN(SiMe2H)2 
(0.48 mL, 2.72 mmol) was added dropwise and the solution was stirred 2.5 h at 0 °C. The 
volatiles were pumped-off to obtain a white viscous foam which was stripped with pentane 
several times to obtain a white solid corresponding to 9 (0.3 g, 73%) 
1
H NMR (400.16 MHz, benzene-d6, 298 K): δ 4.94 (s, 4H, SiH), 3.74 (m, 4H, 




Synthesis of [Ca{N(SiMe2H)2}2] (10) 
 
Complex 7 [Ca{N(SiMe3)2}2] (0.410 g, 1.138 mmol) and pentane (20 mL) were added 
to a Schlenk flask and cooled down to 0 °C in an ice-water bath. HN(SiMe2H)2 (0.494 mL, 
2.844 mmol) was then added dropwise with stirring over ca 30 min. The solution was then 
stirred at 0 °C for 2.5 h. After removal of volatiles under vacuum, pentane was added and 
stripped under vacuum to afford 10 as a white solid (0.300 g, 87%).  
1
H NMR (400.16 MHz, benzene-d6, 298 K) 5.07 (s, SiH), 4.61 (s, SiH), 0.43 (s, 




H} NMR (125.82 MHz, benzene-d6, 298 K)  4.54 (s, 
SiCH3), 4.06 (s, SiCH3) ppm. 
1
H NMR (500 MHz, toluene-d8, 183 K) 5.25 (s, 4H, SiHA), 
4.88 (s, 2H, SiHB), 4.74 (s, 2H, SiHC), 4.41 (s, 2H, SiHD), 4.36 (s, 2H, SiHE), 0.64 (s, 24H, 
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SiCH3A), 0.61 (s, 6H, SiCH3E), 0.43 (s, 6H, SiCH3E), 0.39 (s, 6H, SiCH3C), 0.38 (s, 6H, 





Si HMQC 2D NMR (79.49 MHz, toluene-d8, 183 K)23.7 (d, 
1
JSiH = 
152 Hz, SiHA), 15.26 (d, 
1
JSiH = 146 Hz, SiHC), 14.0 (d, 
1
JSiH = 143 Hz, SiHB), 13.85 (d, 
1
JSiH = 147 Hz, SiHD), 11.84 (d, 
1
JSiH = 122 Hz, SiHE) ppm. Infrared: SiH = 2032 (sh), 1957 
(s), 1095 (sh) cm
1
. Anal. Calcd for C 31.5, H 9.2, N 9.2; found C 31.25, H 9.37, N 9.22. 
One pot synthesis of [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(THF)x] (x = 2, 12b; x 
= 1; 12a). 
 
KN(SiMe3)2 (0.068g, 0.343 mmol), CaI2 (0.101 g, 0.343 mmol) and [(F12-Tp
4Bo,3Ph
)K] 
(0.290 g, 0.343 mmol) were added to a Schlenk flask and THF (10 mL) was added under 
stirring. The mixture was stirred at R.T for 8h. After removal of volatiles under vacuum, the 
resulting solid was washed with pentane and further extracted with toluene, affording a 
solution of 12b. After removal of volatiles under vacuum, the solid was washed with pentane 
and extracted into a toluene/pentane 1:3 mixture, affording 12a in 7% yield. 12a completely 
decomposes in solution over a period of few hours.  
12b 
1
H NMR (300 MHz, benzene-d6, 298 K): 7.81 (ddd, 6H, JHH = 8.1, 3.0, 1.3 Hz, 
o-C6H5),7.27 (t, 6H, 
3
JHH = 7.6 Hz , m-C6H5) (p-C6H5 is hidden by other signals), 2.89 (br, 
8H, THF CH2O), 0.81 (br, 8H, THF CH2),  0.10 (s, 18H, CH3) ppm. 
19
F NMR (282 MHz, 
benzene-d6, 298 K): 143.82 (t, 3F, JFF = 17.1 Hz, F-4), 151.32 (s, 3F, F-6), 154.39 (m,
 
3F, F-7), 164.14 (t, JFF = 20.3 Hz 3F, F-5) ppm. 
12a 
1
H NMR (300 MHz, benzene-d6, 298 K): 7.75 (ddd, 6H, JHH = 8.3, 2.8, 1.2 Hz, 
Ho), 7.29 (t, 6H, 
3
JHH = 7.6 Hz, Hm) (Hp is hidden by C6D6), 2.76 (br, 4H, THF CH2O), 0.69 
(br, 4H, THF CH2), 0.15 (s, 18H, CH3) ppm. 
19
F NMR (282 MHz, benzene-d6, 298 K): 
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143.93 (t, 3F, JFF = 18.1 Hz, F-4), 151.37 (s, 3F, F-6),154.25 (t,
 
3F, JFF = 17.8 Hz, F-7), 
164.14 (t, JFF = 20.3 Hz 3F, F-5) ppm. 




KN(SiMe3)2 (0.118g, 0.590 mmol), CaI2 (0.174 g, 0.590 mmol) and [(F12-Tp
4Bo,3Ph
)K] 
(0.5 g, 0.590 mmol) were added to a Schlenk flask and Et2O (10 mL) was added under 
stirring. The mixture was stirred at R.T for 3 days. After removal of volatiles under vacuum, 
the resulting solid was washed with pentane and further extracted with a toluene/pentane 1:3 
mixture. Removal of solvents afforded 12c in 3% yield. The coordinated ether molecule can 
be removed under vacuum by stripping with pentane. 12c completely decomposes in solution 
over a period of few hours.
  
1
H NMR (400 MHz, benzene-d6, 298 K): 7.54 (d, 
3
JHH = 7.8 Hz, 6H, o-C6H5), 7.31 
(t, 
3
JHH = 7.5 Hz, 6H, m-C6H5), 7.22 (t, 3H,
 3
JHH = 7.5 Hz, p-C6H5),  (br, 4H, ether 
CH2O), 1.02 (broad m, 6H, ether CH3),  0.34 (s, 18H, CH3) ppm. 
19
F NMR (376 MHz, 
benzene-d6, 298 K): 144.28 (t, 3F, JFF = 18.1 Hz, F-4), 151.58 (m, 3F, F-6), 153.78 (t, 
3F, JFF = 17.7 Hz, F-7), 164.09 (t,
 










)Tl] (2) (0.5 g, 0.494 mmol) and [Ca{N(SiMe3)2}2] (7) (0.414 g, 1.148 
mmol) were combined in a flask and pentane (10 mL) was added with stirring at RT. The 
white slurry was stirred at R.T. during 2 days. After filtration and wash with pentane, the 
product was extracted with a mixture toluene:pentane in 1:3 ratio. After removal of volatiles 
under vacuum, 14 was obtained as a white solid (0.334 g, 67%).  
1
H NMR (400 MHz, benzene-d6, 298 K): 7.54 (d, 6H, 
3
JHH = 8.3 Hz, o-C6H5), 7.32 
(t, 6H, 
3
JHH = 7.7 Hz, m-C6H5), 7.23 (d, 3H,
 3
JHH = 7.5 Hz, p-C6H5), 0.34 (s, 18H, SiMe3) 
ppm. 
19
F NMR (377 MHz, benzene-d6, 298 K): 144.30 (t, 3F, JFF = 18.1 Hz, F-4), 
151.59 (d, 3F, JFF = 10.2 Hz, F-6), 153.83 (t,
 
3F, JFF = 17.6 Hz, F-7), 164.15 (t,
 
3F, JFF = 
20.7 Hz, F-5) ppm. Anal. Calcd for C45H34N7BSi2F12Ca C 53.62, H 3.38, N 9.73 Found C 









)Tl] (2) (0.200 g, 0.198 mmol) and [Sr{N(SiMe3)2}2] (8) (0.121 g, 
0.297 mmol) were combined in a Schlenk flask and pentane (10 mL) was added with stirring 
at RT. The white slurry was stirred at R.T. during 2 days. After filtration and pentane 
washing, the solid was extracted with a toluene:pentane 1:3 mixture. After removal of 
volatiles under vacuum, 15 is obtained as a white solid (0.052 g, 25% unoptimised yield).  
1
H NMR (300 MHz, benzene-d6, 298 K): 7.47 (d, 6H, 
3





JHH = 7.4 Hz, m-C6H5), 7.21 (t, 3H,
 3
JHH = 7.5 Hz, p-C6H5), 0.34 (s, 18H, SiMe3) 
ppm. 
19
F NMR (282 MHz, benzene-d6, 298 K): 144.60 (t, 3F, JFF = 18.3 Hz, F-4), 
151,36 (m, 3F, JFF = 11 Hz, F-6), 154.33 (t, 3F, JFF = 18.0 Hz, F-7), 164.30 (t, 4F, JFF = 
20.1 Hz, F-5,) ppm. Anal. Calcd for C45H34N7BSi2F12Sr C 51.20, H 3.22, N 9.29 Found C 
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51.06, H 3.11, N 9.20. Crystals were obtained from a concentrate toluene/pentane solution of 








)Tl] (2) (0.179 g, 0.177 mmol) and [Ca{N(SiMe2H)2}2(THF)] (9) (0.100 
g, 0.266 mmol) were combined in a flask and pentane (8 mL) was added with stirring at RT. 
The white slurry was stirred at R.T. during 2 days, changing progressively to dark grey 
(precipitation of metallic Tl; the source of protons could not be identified). After filtration and 
pentane washing, the product was extracted with a toluene:pentane 1:3 mixture. After removal 
of volatiles under vacuum, 6 was obtained as a white solid (0.06g, 32%).  
1
H NMR (300 MHz, , benzene-d6, 298 K): 7.75 (d, 6H,
 3
JHH = 7.4 Hz, o-C6H5), 
7.31 (t, 6H, 
3
JHH = 7.6 Hz, m-C6H5), 7.02 (d, 3H, 
3
JHH = 6.7 Hz, p-C6H5), 4.69 (p, 2H, 
3
JSiH = 
3.1 Hz,  Si-H),  (t, 4H, THF, -OCH2),  (t,
 
4H, THF, -CH2), (d, 12H, 
3
JSiH = 2.9 
Hz SiMe) ppm. 
19
F NMR (282 MHz, benzene-d6, 298 K): 143.58 (t, 3F, JFF = 18.1 Hz, F-
4),151,43 (m, 3F, F-6), 154.56 (t, 3F, JFF = 17.4 Hz, F-7), 164.40 (t, JFF = 20.2 Hz, 3F, F-
5) ppm. 
29
Si NMR (79.49 MHz, benzene-d6, 298 K): 24.1 (d, Si-H, 
1
JSiH = 160 Hz) ppm. 









)Tl] (2) (0.259 g, 0.256 mmol) and [Ca{N(SiMe2H)3}2]  (10) (0.117 g, 
0.384 mmol) were combined in a flask and pentane (8 mL) was added with stirring at RT. The 
white slurry was stirred at R.T. during 2 days, changing progressively to dark grey 
(precipitation of metallic Tl; the source of protons could not be identified). After filtration and 
pentane washing, the product was extracted with a toluene:pentane 1:3 mixture. After removal 
of volatiles under vacuum, 17 was obtained as a white solid (0.095g, 37% not optimised).  
1
H NMR (400 MHz, benzene-d6, 298 K): 7.48 (d, 6H, 
3
JHH = 8.0 Hz, o-C6H5), 7.31 
(t, 6H, 
3
JHH = 7.6 Hz, m-C6H5), 7.21 (t, 3H, 
3
JHH = 7.5 Hz, p-C6H5), 4.17 (p, 2H, 
3
JHH = 3.0 
Hz, Si-H), 0.23 (d, 12H, 3JHH = 2.8 Hz, SiMe). 
19
F NMR (376 MHz, benzene-d6, 298 K): 
144.39 (t, 3F, JFF = 18.2 Hz, F-4,), 151.71 (d, 3F, JFF = 10.5 Hz, F-6), 153.92 (t, 3F, J = 
18.0 Hz, F-7), 164.15 (t, 3F, J = 20.1 Hz, F-5); 29Si NMR (79.49 MHz, benzene-d6, 298 K): 
24.1 (d, 1JSiH = 159 Hz, Si-H). ATR-IR: SiH = 2044 (s), 1888 (s) cm
-1
. Anal. Calcd for 
C43H30N7BSi2F12Ca C 52.70, H 3.06, N 10.01 Found C 52.59, H 3.25, N 9.92. Crystals were 
obtained from a saturated toluene/pentane solution of 17 at 40 °C.  
 
D. Synthesis of the complexes described in Chapter 3 
Characterization of [Ca{CH(SiMe3)2(THF)2}] (18) 
1
H NMR (300 MHz, toluene-d8, 298 K):  (t, 8H, O-CH2, THF),  (t,
 
8H, 
CH2, THF), (s, 18H, SiMe3)  (s, 1H, C-H) ppm. 
13
C NMR (126 MHz, toluene-d8, 
223 K): 67.57 (t, 1JCH = 147 Hz, O-CH2, THF), 24.95 (br, CH2, THF), 15.00 (d, 
1
JCH = 96 
Hz, CH), 6.16 (q, 
1










)Tl] (2) (0.094 g, 0.093 mmol) and [Ca{CH(SiMe3)2}2(THF)2] (18) 
(0.06 g, 0.139 mmol) were combined in a flask into the glovebox and deuterated toluene (1.5 
mL) was added with stirring at R.T. The mixture became instantaneously a red solution 
changing after 5 min stirring to a black slurry (precipitation of metallic Tl). Filtration was 
carried out and the red solution was added to a Young NMR tube and immediately placed at 
40 °C to NMR characterization at 50 °C. Attemps to isolate the product were unsuccessful 
due to the extremely sensitivity of 19 to temperature. 
1
H NMR (300 MHz, toluene-d8, 298 K): 7.74 (d, 6H, 
3
JHH = 7.6 Hz, o-C6H5), 7.35 
(t, 6H, 
3
JHH = 7.7 Hz, m-C6H5), 7.16 (t, 3H, 
3
JHH = 7.5 Hz, p-C6H5),  (t, 8H, THF, O-CH2), 
 (t, 8H, THF, CH2), (s, 18H, SiMe3)  (s, 1H, C-H) ppm. 
19
F NMR (282 MHz, 
toluene-d8, 298 K): 143.66 (t, JFF = 16.2 Hz, 3F, F-4), 151.27 (br, 3F, F-6), 154.52 (t, 
JFF = 17.5 Hz, 3F, F-7), 164.14 (t, JFF = 20.1 Hz, 3F, F-5) ppm. 
1
H NMR (400.13 MHz, 
toluene-d8, 223 K): 7.80 (br, 6H, o-C6H5), 7.38 (br, 6H, m-C6H5), .08 (br, 3H, p-C6H5), 
 and(br, 8H, THF, O-CH2),  and  (br,
 
8H, THF, CH2), (s, 18H, SiMe3) 
 (s, 1H, C-H) ppm. 19F NMR (376.44 MHz, toluene-d8, 223 K): 143.12 (br, 3F, F-
4), 150.90 (br, 3F, F-6), 154.25 (br, 3F, F-7), 163.88 (br, 3F, F-5) ppm. 13C NMR (126 
MHz, toluene-d8, 223 K): 129.54 (m-C6H5), 128.38 (p-C6H5), 128.16 (o-C6H5), 67.57 (t, 
1
JCH = 147 Hz, O-CH2, THF), 24.95 (br, CH2, THF), 17.08 (d, 
1
JCH = 89 Hz, CH), 5.72 (q, 
1
JCH 
= 116 Hz, SiMe3) ppm. 
Synthesis of [(F12-Tp
4Bo,3Ph
)Ca{OCOCH(SiMe3)2}(THF)x] (20).  
 
Two bars of labelled 
13
CO2 were added to a tube containing 19 synthesized in situ. The 
reaction changed progressively from red to yellow, corresponding to the formation of 20. No 




H NMR (400 MHz, toluene-d8, 298 K): 7.72 (d, 6H, 
3
JHH = 5.2 Hz, o-C6H5), 7.39 
(t, 6H, 
3
JHH = 7.7 Hz, m-C6H5), 7.20 (t, 3H, 
3
JHH = 7.4 Hz, p-C6H5),  (t, THF, O-CH2), 
 (t, THF, CH2), (d, 1H,
 2
J13CH = 7.6 Hz C-H), (s, 18H, SiMe3) ppm 
19
F NMR 
(282 MHz, toluene-d8, 298 K): 149.11 (t, 3F, JFF = 18.2 Hz, F-4), 156.57 (br, 3F, F-6), 
160.22 (t, 3F, JFF = 18.3 Hz, F-7), 170.21 (t, 3F, JFF = 20.0 Hz, F-5) ppm. 
13
C NMR (126 




JCH = 7.6 Hz), 67.90 (t, 
1
JCH = 145 Hz, O-CH2, 
THF), 25.65 (t, 
1




)Ca(C≡CPh)] (21).  
 
Phenylacetylene (0.08 mL, 0.728 mmol) was added to a solution of [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] (14) (0.115 g, 0.114 mmol) in toluene at R.T. After 10 min stirring, 
volatiles were removed under vacuum. Recrystallization in toluene/pentane at -40 °C gave 
complex 21 (95% yield). Complex 21 is temperature sensitive. 
1
H NMR (400 MHz, toluene-d8, 298 K): 7.56 (d, 12H, 
3
JHH = 7.3 Hz, Tp
F
, o-C6H5), 
6.96 (t, 12H, 
3
JHH = 7.7 Hz, Tp
F
, m-C6H5), 6.81 (t, 6H, 
3
JHH = 7.5 Hz, Tp
F
, p-C6H5), 6.61 (t, 
2H, 
3
JHH = 7.5 Hz, PhCC-,  p-C6H5),  6.53 (t, 4H, 
3
JHH = 7.5 Hz, PhCC-, m-C6H5), 6.23 (d, 
4H, 
3
JHH = 7.1 Hz, PhCC-, o-C6H5) ppm. 
19
F NMR (376 MHz, toluene-d8, 298 K): 143.97 
(t, 6F, JFF = 16.8 Hz, F-4), 151.42 (br, 6F, F-6), 154.37 (t, 6F, JFF = 17.3 Hz, F-7), 
164.44 (t, 6F, JFF = 20.1 Hz, F-5).
 1
H NMR (400 MHz, toluene-d8, 298 K): 7.56 (d, 12H, 
3
JHH = 6.6 Hz, Tp
F
, o-C6H5), 6.96 (t, 12H, 
3
JHH = 7.5 Hz, Tp
F
, m-C6H5), 6.76 (t, 6H, 
3
JHH = 7.4 
Hz, Tp
F
, p-C6H5), 6.62 (br, 2H, PhCC-,  p-C6H5),  6.49 (br, 4H, PhCC-, m-C6H5), 6.25 (br, 
4H, PhCC-, o-C6H5) ppm. 
19
F NMR (376.44 MHz, toluene-d8, 233 K): 143.64 (br, 6F, F-







F} NMR (100.62 MHz, toluene-d8, 233 K): δ 148.57 (IndH, C-3), 131.19 (IndH, ipso-
 94 
 
C6H5, C-10) , 130.07 (PhCC-, o-C6H5), 130.01 (IndH, o-C6H5, C-13), 129.77 (IndH, o-C6H5, 
C-11), 129.17 (IndH, m-C6H5, C-12), 128.01 (PhCC-, p-C6H5), 127.15 (PhCC-, m-C6H5), 
124.00 (PhCC-, ipso-C6H5), 119.30 (PhCC-, C) ppm. Elementary analysis failed due to the 
extreme sensitivity of the complex. Crystals were obtained from a saturated toluene/hexane 

































Chapter 4 : Reactivity of small 
heteroaromatic molecules towards 
dicyclopropylzirconocene 
4.1- Introduction 
The general problem of the activation of strong and inert CH bonds of hydrocarbons 
by soluble catalysts continues to fascinate chemists, although it is becoming increasingly 
more practical and reaches the genuine catalytic functionalization stage on many 
occasions.
216–218
 The activation of inert CF bonds has become also a current subject from the 
viewpoint of effective synthesis of fluoroorganic compounds.
219–229
 Interests herein are 
focused on the activation of small heteroaromatics (thiophene, furan and pyridines) by the 
dicyclopropyl zirconocene [Cp2Zr(c-C3H5)2]. An overview of the activation of CH and CF 
bonds focused on heteroaromatic molecules is presented. 
 
4.1.1- CH bond activation  
One remaining pressing issue in the CH bond activation is the selectivity for different 
types of CH bonds.230–232 Addressing this issue requires the investigation of the different 
mechanisms by which a transition metal complex cleaves a given CH bond. Several 
mechanisms have been described for the CH activation process.233,234  
Mechanisms 
a) CH bond activation by late transition metals 
Not mentioning the mechanisms through metalloradicals, late transition metals can 
activate CH bonds by two main mechanisms: oxidative addition and electrophilic 
activation,
233–238
 with some recent variations such as ambiphilic metal ligand activation 
(AMLA),
239
 concerted metallation deprotonation (CMD),
240
 sigma complex-assisted 
metathesis (-CAM),241 or 1,2-addition.242  
 





Scheme 2.1. Most common activation pathways for CH bond activation by late 
transition metals. 
 
b) CH bond activation by early transition metals 
Early transition metals usually activate CH bonds by -bond metathesis243–246 in 
LnMR (M = Zr, R = H, alkyl; M = Sc, R = alkyl, aryl,  silyl; M = Hf, Y, R = alkyl)  and 1,2-
CH bond addition across MX multiple bonds of transient unsaturated [LnMX] species such 
as imido M=NR, (M = Zr, Ti, Ta, W, Sc, V),
242,247–252
 alkylidene M=CRR’ (M = Ti, Cr, V, 
Mo),
253–257
 or alkylidyne Ti≡CR complexes.258–260  
 
Scheme 2.2. CH bond activation mechanisms by early transition metals: -bond 
metathesis and -H abstraction/1,2-addition. 
 
Most of these intermediates are generated from alkyl amido, dialkyl or alkyl 
alkylidene complexes by intramolecular -H abstraction, which is the microscopic reverse of 
the 1,2-CH bond cleavage. 




c) -H abstraction by early transition metals 
Intramolecular-H abstraction followed by intermolecular 1,3-CH bond activation has 
been reported for some early transition metal complexes. As shown in Scheme 2.3, Erker first 
demonstrated that diaryl zirconocenes would equilibrate via the transient intermediate 
[Cp2Zr(
2
-aryne)] by reversible -H abstraction/1,3-CH bond activation of an arene.261  
 
Scheme 2.3. CH bond activation of benzene by dibenzylzirconocene: -H 
elimination/1,3-CH bond addition with an 2-benzyne intermediate. 
 
This is now a well-documented reaction for 2-benzyne complexes of several early 
transition metals (Scheme 2.4, a).
256,258,262,263
 Unsaturated terminal [Cp*W(NO)(alkyne)] 
complexes have also activated CH bonds of hydrocarbons by the same mechanism.264,265 
 
Scheme 2.4. Examples of -H abstraction / 1,3-CH bond addition. 
 




Other cases where this reaction becomes competitive in the presence of -hydrogens 
are rare. Examples include CH activation on 2-allene and 2-diene intermediates (Scheme 
2.4, b) generated from alkyl allyl complexes of the type [Cp*M(NO)(R)(3-CH2CHCHR)] (M 
= W, Mo).
256,266–268
 Intermolecular 1,3-CH addition across [LnM(
2
-alkene)] to yield an alkyl 
hydrocarbyl complex remains rare (for M = Hf
269
) and occurs only with the more reactive 
CH bonds such as those of terminal alkynes (for M = Ti270 or Zr271). In other words, -H 




). Unsaturated early transition 
metal LnM(
2
-alkene) may undergo alkene substitution (Scheme 2.4, c) or alkene coupling 
reactions (for M = Zr
274
). Alkyl complexes bearing -hydrogens also tend to decompose by -
H elimination to give alkene hydride complexes.
275
  
Previous investigations performed in the group demonstrate that the complex 
[Tp
Me2





bonds in very mild conditions. The activation proceeds by the uncommon -H abstraction/ 
1,3-CH addition mechanism. -H abstraction of methane yields a transient unsaturated 2-
cyclopropene intermediate [Tp
Me2
Nb(2-c-C3H4)(MeC≡CMe)] that is stable and reactive 
enough to undergo a 1,3-CH bond activation of RH across the Nbcyclopropene bond to 





C3H5)(MeC≡CMe)] shows an -CC agostic cyclopropyl group
278
 there was no evidence that 
this unusual property
279
 was at the origin of the rate-determining -H abstraction reaction. 
This mechanism is shown for the activation of benzene in Scheme 2.5. 
 







 The regioselectivity of the CH bond activation depends, in general, on steric and 
stereoelectronic effects (substitution), bonding energies (BDE) and pKa values. When the 




system concerns small aromatic cycles and moderately bulky ligands on the metal, sterics 
effects have no influence. Bonding energies and pKa values are shown in Schemes 2.6 and 
2.7. 
 
Scheme 2.6. CH bond dissociation enthalpies, BDE (kcal/mol, 298 K).280 
 
 




General conclusions can be drawn when we observe these two parameters: a) with 
higher BDE and lower pKa values, furan and thiophene are more easily activated than 
benzene and pyridine. It might seem a contradiction that higher BDE implies easily activated 
positions, but as a general guide, the higher the CH bond dissociation energy, the stronger 
the MC bond formed. The latter determines the activation energy.282,283 b) Both BDE and 
pKa values for furan and thiophene indicate a preference for the 2-position. c) In the case of 
pyridine, selectivity for the 3- or 4-positions is preferred according to the BDE values 
whereas selectivity for the 4-position is preferred according to the pKa values. 
Although these parameters give an indication, they are not concluding. In general, pKa 
values are strong indicators of the regioselectivity mainly in polar transition states and with 
electron-deficient arenes.
284
 For example, thiophene is activated at 2-position in most cases. 
However, the Pd catalyst containing the bulky fluorinated phosphine ligand P{OCH(CF3)2}3 
leads to activation in 3-position.
285
 
Selectivity in the case of pyridine is more complicated for at least two reasons. First, 
the activation in any position is energetically less favorable than for furan and thiophene. 
Second, since the lone pair of the N in the pyridine is more available, the molecule is a good 
Lewis base and a better ligand than furan or thiophene. For the last reason, selectivity in the 




CH bond activation of pyridine can be sometimes governed by coordination instead of pKa 
and BDE values. Two selected examples illustrate this fact: 
On one hand, Ess and co-workers
283
 calculated the activation energies of CH bond 




Scheme 2.8. DFT calculated activation energies for heteroarene CH bond cleavage 





The values of the calculated BDE are shown in Scheme 2.8. According to these 
activation energies, activation of furan and thiophene by [Pd(OAc)(Ph)(PMe3)] occurs in -
position and it is easier than for pyridine. If we focus on pyridine, regioselectivity for the 3-
position is observed, in agreement with the pKa and the BDE values previously described.  
On the other hand, selectivity for the activation at 2-position of pyridine by a Sc 
complex is observed by Mindiola (Scheme 2.9).
247
 1,2-CH addition mechanism across a 
Sc=Nimido bond is observed. Due to the coordination of the pyridine prior to the activation 
step, the transition state is pre-organized and the activation is regioselective in 2-position, 
yielding an 2-pyridyl complex.  
 
Scheme 2.9. CH bond activation of pyridine at the 2-position by a Sc complex 





In many cases the reaction is not selective
287
 or partially selective when both 2- and 4- 
positions are activated.
288
 In some cases pyridine does not react whereas furan and thiophene 






 The complex [Tp
Me2
NbMe(c-C3H5)(MeC≡CMe)] activated furan to give the 2-furyl 




Scheme 2.10. Coordination of pyridine to the cyclopropene intermediate generated 
from [Tp
Me2




Overall, selectivity in the CH activation of furan and thiophene occurs at the 2-
position whereas the activation of a C-H bond of pyridine is less predictable. DFT 





4.1.2- CF bond activation 
Among all types of bonds in organic chemistry, the CF bond is the most inert and 
resistant to degradation. The use of organometallic complexes in homogeneous solution 
allows activation of CF bonds in relatively mild conditions. Late transition metal complexes 
are generally used for the activation of CF bonds (Ni, Pd, Pt, Ir, Rh, Fe or Ru), sometimes 





Several mechanisms have been proposed for the CF bond activation in aromatic 
fluorides (Scheme 2.11): oxidative addition of CF bonds on low valent metals is the most 
common pathway,
221,228,290
 sometimes assisted by phosphine or silyl ligands (Ni, Rh, Ir, 
Pt);
291,292





 and hydrodefluorination by metal 
hydride complexes.
291,293
 -F elimination is rare due to the high BDE of the CF bond.224,294  





Scheme 2.11. CF bond cleavage reactions of fluoroaromatics by transition metals.291 
 
Regioselectivity in fluorinated pyridines 
We focus our discussion on fluorinated pyridines which have been used in our 
experiments. Fluorinated pyridines can be activated at 4-position
225,290,291,295–311
 or at 2-
position
225,228,290,291,295,300–302,312–316
 Mechanistic issues have been adressed through 
experimental and DFT investigations often in concert.
221,228,291,295,302,309,310,315,317
 For several 
metals, the selectivity for the 2-position provides indirect evidence for a concerted oxidative 
addition via a three-centered transition state (Scheme 2.12).
221,228,317
 Selectivity for the 4-
position can follow either electron-transfer or nucleophilic substitution.  
 
Scheme 2.12. General mechanisms with possible intermediates and transition states 
for the CF activation of pentafluoropyridine at late transition metal complexes.228 




4.1.3- CH and CF bond activation by zirconium complexes 
Selected bond enthalpy values of several bonds for the gaseous diatomic species 
concerning the possibilities in the CH and CF bond activation by Zr are shown in Table 
2.1. Bond enthalpies provide useful information. First, we observe that CF bonds are 
stronger than CH bonds, so the activation of the former is more challenging. Second, for the 
CF bond activation, formation of the stronger ZrF bond is preferable. This fact is due to the 
high ionic character of the ZrF bond with  (ZrF) = 2.88 compared to the covalent ZrC 
bond with  (ZrC) = 1.18.318 
Bond ΔH (kJ / mol) 
CH 338.4 ± 1.2 
CF 552 
ZrC 561 ± 25 
ZrF 616 ± 15 




Selectivity in the CH and CF bond activation by zirconium complexes 





 in situ generated “Cp2Zr”
323




To our knowledge, CH bond activation of furan and thiophene (heterocycles of 





 are always selective at the -position. 
Activation of pyridine, 2-methylpyridine (picoline) and 2,6-dimethylpyridine 
(lutidine) has been studied for several zirconium alkyl or aryl complexes. Pyridine activation 
is selective at 2-position,
322,325,326,329
 whereas picoline can be activated either at the aromatic 
CH bond in 2-position325,327 or at both the CH3 group and the 2-position (Scheme 2.13).
322
 
The activation of 2,6-lutidine occurs in one of the CH3 groups.
328,329
 Sometimes only 
coordination of pyridine is observed
320





Interestingly, [Cp2Zr(CH3)2] does not react with pyridine or substituted pyridines.
341
 









Imidozirconocenes also activate CF bonds of fluorinated pyridines selectively at the 





 and [Cp2ZrH2] generated in situ
342
 are selective at the 4-
position. 
Other aromatic or aliphatic CF bonds are activated by zirconium complexes like 
zirconocene dihydrides [Cp2ZrH2],
294,342–346
 sometimes catalytically, using Mg or Al as 
fluoride sinks to give the dehydrofluorination product.
347
 Other examples include 











4.1.4- Objectives of this work 





 we aimed to generalize the -H-
abstraction/1,3-CH addition mechanism followed by this system. The synthesis of 
dicyclopropylzirconocene [Cp2Zr(c-C3H5)2] was described in the literature.
349
 As seen in 
Scheme 2.14, a related complex [Cp2Zr(c-C3H5)Me] undergoes -H-abstraction to form an 
2-cyclopropene intermediate [Cp2Zr(c-C3H4)] that is trapped in the presence of a 
phosphine.
350
 The complex [Cp2Zr(c-C4H7)Me] behaves similarly to form [Cp2Zr(c-C4H6)].
351
 
However, no CH activation was reported. 
 





Scheme 2.14. Formation and trapping of 2-cyclobutene and 2-cyclopropene 
zirconocene intermediates. 
 
We report herein that [Cp2Zr(c-C3H4)] is indeed able to activate a CH bond of 
thiophene and furan. CH activation occurs at 2-position. Kinetics studies and DFT 
calculations are used to probe the mechanism of the reaction.  
In contrast, CH bond activation of pyridine does not ocurr. Either dearomatization of 
the pyridyl ring (for pyridine and 3,4-dimethylpyridine) or CH bond activation on the methyl 
group (for 2,6-dimethylpyridine) are observed. Finally, CF bond activation of 
pentafluoropyridine by dicyclopropylzirconocene occurred selectively in 2-position, yielding  
a monofluorozirconocene derivative.  The main reactions are summarized in Scheme 2.15. 
 
Scheme 2.15. Reactivity of dicyclopropyl zirconocene and heteroaromatics. 
 




4.2- CH bond activation of benzene, furan and thiophene 
This research was carried out in collaboration with Yimu Hu, a Master student (2012-
2013). During my third year I contributed to this project going deeper in the knowledge of 
this chemistry.  
Characterization of [Cp2Zr(c-C3H5)2] (22) 
The synthesis of [Cp2Zr(c-C3H5)2] (22) shown in Scheme 2.16 was previously 
reported
349
 but further characterization was needed. 
 
Scheme 2.16. Synthesis of the dicyclopropylzirconocene complex 22. 
 
NMR characterization is presented here with the aim of understanding the 
stereochemistry of the cyclopropyl moiety. The 
1
H NMR spectrum of 22 performed in 
toluene-d8 at 233 K shows a triplet of triplets for the two equivalent Hα protons of the 
cyclopropyl groups (
3
JHH = 10.0, 8.0 Hz). The negative chemical shift of Hα at δ 0.18 ppm is 
due to its vicinity with an electropositive metal center. The Hβ protons show two signals 
according to the face of the cyclopropyl group they occupy. They are therefore diastereotopic 
and we named them Hβ (on the same face as Hα) and Hβ’ (on the same face as Zr). Each of 
the Hβ protons appears as doublet of doublets at 0.78 (Hβ, 3JHαHβ = 10.0 Hz) and 0.42 (Hβ’, 
3
JHαHβ’ = 7.9 Hz) ppm. A ROESY experiment was not conclusive as there is correlation 
between all cyclopropyl signals, so assignments were achieved with the help of the coupling 
constants: 
3
JHH between protons in cis position is bigger than in trans position as in 
cyclopropane.
352
 In the 
13
C NMR, Cβ signal appears as a triplet at δ 10.2 ppm with 1JCH = 158 
Hz, a characteristic 
1
JCH value for a sp
2
 carbon. Cα ( 41.3 ppm) is a doublet with 1JCH = 139 
Hz, a lower value due to its vicinity with the electropositive metal center. 
Single crystals of complex 22 suitable for X-Ray diffraction were obtained after 
cooling down to 40 ºC a concentrated solution in hexane. Among the three independent 
molecules that were found in the unit cell only one is not disordered, a second one shows 




rotational disorder of one Cp ring whereas the last one shows a more detrimental disorder of 
one cyclopropyl ring. For the first two cases, and for the non-disordered part of the third one, 
the geometries are fully similar with only minor differences.  
A view of the non-disordered complex is shown in Figure 2.1. Prominent features 
include (a) different conformations of the two cyclopropyl groups with respect to the 
zirconocene moiety (b) despite these differences, virtually identical ZrC and CC bond 
distances and (c) equal ZrCC angles for a given cyclopropyl group although these 
angles depend on the conformation of the cyclopropyl rings.  
The C14-based cyclopropyl ring is virtually perpendicular to the zirconocene plane 
C14Zr1C11 (CZrC’) with the C14H directed outside. It has ZrCC angles of ca 
120°. The C11-based cyclopropyl is oriented in such a way that one CC bond (namely 
C11C12) is almost coplanar with the zirconocene plane (C14ZrC11C12 162°) with 
C12 directed outside. This cyclopropyl ring has ZrCC angles of ca 131°. There is no 
evidence for any CH or CC agostic distortion.  
The Cp°–ZrCp° angle is 132°; the C11–Zr–C14 (CZrC) angle is 97.45(11)°. 






Figure 2.1. X-Ray molecular structure of one of the independent molecules of 
[Cp2Zr(c-C3H5)2] 22. Selected bond distances (Å) and angles (deg): Zr1–C11 2.256(3), 
Zr1–C14 2.261(3), C11–C12 1.498(4), C11–C13 1.525(4), C14–C16 1.517(4), C14–
C15 1.524(4); C11Zr1C14 97.45(11), C12C11Zr1 131.2(2), C13C11Zr1 
130.6(2), C16C14Zr1 119.2(2), C15C14Zr1 120.7(2). 
 




4.2.1- Reaction with benzene 
The reaction of 22 with 20 equivalents of benzene was carried out at 333 K in 
cyclohexane-d12 in a teflon-valved sealed NMR tube sheltered from light.
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 After 6h of 
reaction, a compound likely corresponding to the cyclopropylphenyl complex (η5-
C5H5)2Zr(η
1
-C6H5)(c-C3H5) (24) could be identified by 
1
H NMR. (Scheme 2.17) Running the 
reaction for longer time, however, resulted in the disappearance of 24 and the formation of 
several unidentified products. Unfortunately, no product was isolated. 
 
Scheme 2.17.Reaction of 22 with benzene to give 24. 
 
4.2.2- Reaction with thiophene and furan 
The thermal reaction between 22 and an excess of thiophene or furan was performed 
in cyclohexane or hexafluorobenzene as non-reactive solvents. Formation of cyclopropane 
was observed by 
1
H NMR ( 0.04 ppm). After pumping off the volatiles, extraction with 
pentane and drying under vacuum, (2-thienyl)cyclopropylzirconocene (25) and (2-
furyl)cyclopropylzirconocene (26) were obtained as pure crystaline yellow solids in 66 and 
65% yield respectively. When isolated, 25 and 26 are temperature sensitive. The CH bond 
activation occurs selectively at the 2-position of the ring as shown in Scheme 2.18. 
 
Scheme 2.18. CH bond activation of furan and thiophene by 
dicyclopropylzirconocene.  
 




In order to study the mechanism of the 1,3-CH addition step, the reaction was 
performed with furan-d4 in C6F6 and a capillary of benzene-d6 for the NMR lock to give 




H NMR experiments as shown below. In addition to a deuterated furyl group, we 
observed selective incorporation of one deuterium in one of the cyclopropyl’ positions, on 
the same enantioface as the zirconium. Overall the synthetic and spectroscopic results are 
consistent with the generation of the unsaturated 2-cyclopropene intermediate [Cp2Zr(
2
-c-
C3H4)] (23) by -H abstraction of cyclopropane in 22 followed by its mechanistic reverse, 
1,3-CH/D bond addition across a Zr(2-c-C3H4) bond of 23. 
 
Scheme 2.19. CD bond activation of furan-d4 by Cp2Zr(c-C3H5)2 (22) via -H 
abstraction / 1,3-CH/D addition. 
 
a) Characterization 
We describe herein the characterization of the products formed from the activation of 
furan and thiophene. Complex 25 was characterized by NMR and X-Ray diffraction whereas 
26 and 26-d4 were characterized by multinuclear NMR. 
Cp2Zr(c-C3H5)(2-C4H3S) (25) 
Complex 25 was characterized by 
1
H NMR in cyclohexane-d12 and 
13
C NMR in 
benzene-d6. In the 
1
H NMR spectrum, the 4-H proton of the thienyl group appears at δ 6.91 
ppm as a doublet of doublets and couples with both 5-H and 3-H (
3
JHH = 4.4 and 3.2 Hz, 
respectively), indicating that the CH bond activation occurs selectively at the 2-position of  
the thiophene. The 3-C at  127.1 (ddd, 1JCH = 163, 
2
JCH = 7, 
3
JCH = 5 Hz), 4-C at 130.8 (dt 
1
JCH = 182, 
2
JCH = 9 Hz), and 5-C at 137.2 (ddd, 
1
JCH = 162, 
2
JCH = 11, 
3
JCH = 6 Hz) ppm 
give characteristic signals by 
13
C NMR. The zirconium-bound carbon ZrCS appears at  176.6 
(
2
JCH = 15, 
3
JCH = 8 Hz) ppm. 
1
H NMR multiplets characteristic of the cyclopropyl group at  
0.56 (c-C3H5 β), 0.26 (c-C3H5 β’), 0.13 (c-C3H5 α) ppm and 
13
C NMR signals at 41.2 (c-
C3H5 α), 11.3 (c-C3H5 β’) ppm are observed at usual chemical shifts. 




Single crystals of 25 were obtained by crystallization from diethyl ether and analyzed 
by X-Ray diffraction (Figure 2.2). Salient features include (a) the presence of a 2-thienyl 
group bound 1 to Zr (123.18(9)° for Zr–C1–S angle)  (b) the absence of coordination by S 
(c) the absence of CH or CC agostic distortions of the cyclopropyl group. The Cp°–ZrCp° 
angle is 131°; the C1–Zr–C5 (CZrC) angle is 99.57(7)°. Both are within the typical 




 The Zr–C1 distance (2.2909(18) 
Å) is longer than the Zr–C5 distance (2.2511(18) Å). Similar results were observed for the 
[Tp*Nb(2-furyl)(c-C3H5)(MeC≡CMe)] complex (unpublished results from this group) with 
NbC(furyl) = 2.214(4) and NbC(c-C3H5) = 2.179(4) Å. For the cyclopropyl group, there is 
a small difference in Zr–Cα–Cβ angles (116.70 (14)° for C6–C5–Zr and 122.61(14)° for C7–
C5–Zr). The Cα–Cβ bonds are statistically equal (1.515(3) Å for C6–C5 and 1.513(3) Å for 
C7–C5). The planar cyclopropyl and 2-thienyl groups are not perfectly perpendicular to the 
zirconocene plane [C1ZrC5C7 39.1, C1ZrC5C6 29.7, C5ZrC1C2 74.7, 
C5ZrC1S1 88.8°] 
 
Figure 2.2. ORTEP view of [(η5-C5H5)2Zr(c-C3H5)(2-thienyl)] (25). Selected bond 
distances (Å) and angles (deg): Zr1–C1 2.2909(18), Zr1–C5 2.2511(18), C1–C2 
1.412(3), C2–C3 1.431(3), C3–C4 1.348(3), C1–S1 1.7252(18), C4–S1 1.704(3), C5–
C6 1.515(3), C5–C7 1.513(3), C6–C7 1.493(3); C1–Zr1–C5 99.57(7), C6–C5–Zr1 
116.70(14), C7–C5–Zr1 122.61(14); C2–C1–Zr1 128.31(13), S1–C1–Zr1 123.18(9). 
 
Cp2Zr(c-C3H5)(2-C4H3O) (26) 
NMR characterization of 26 is similar to that for complex 25. 
1
H NMR spectrum of 26 
was performed in cyclohexane-d12 at 298 K. Three furyl signals at  7.41, 6.28 and 6.09 ppm 
are observed for 5-H, 3-H and 4-H respectively. The cyclopropyl group gives one multiplet 
for the H at 0.29 ppm and two multiplets for the two pairs of diastereotopic protons H 
and H’ at  0.46 and 0.16 ppm respectively.  The 13C NMR spectra in benzene-d6 at 298 K 




gives signals at  41.3 and 9.8 ppm assigned to C and C carbons of the cyclopropyl group 
(
1
JCH= 139 Hz and 
1
JCH= 161 Hz respectively). There is no evidence for CH agostic 
interactions with the Zr center. Signals for the furyl group were observed at δ 202.9 (2-C), 






H NMR spectra of 26-d4 are depicted in Figure 2.3. They were recorded in 
C6F6 to avoid too strong proton or deuterium signals originating from the solvent. The 
1
H 
NMR spectrum shows three different signals for the cyclopropyl group at  0.04, 0.17 and 
0.46 ppm for H,H and H’ respectively. Integration of the signal of H’ is half than that 
of H and a change in its multiplicity with respect to that in 26 is also observed. Therefore, 
the D originating from the activation of the CD bond in furan-d4 has gone specifically to one 
of the two ’ positions, syn to the zirconium. Accordingly, 2H{1H} NMR shows only Dβ’ at 
the same chemical shift (δ 0.46 ppm) and three furyl signals at δ 7.0 (5-D), 5.89 (3-D) and 
5.64 (4-D) ppm. 
 
Figure 2.3. Superimposed 
1
H (bottom) and 
2
H (top) NMR spectra of a crude reaction 
mixture of 22 and furan-d4 to give 26-d4 showing selective D incorporation.  
 








H} NMR spectrum of 26-d4 is the presence of two 
different  carbons with very close chemical shifts at  9.04 and 8.98 ppm (Figure 2.4). The 
former is a singlet abscribed to a CH2 whereas the latter accounts for a CHD group (t, 1:1:1, 
1
JCD = 24 Hz). CH resonates at 40.39 (s, c-C3H4D α) as a singlet.  
 




H}NMR (cyclohexane, benzene-d6 capillary) of 
complex 26-d4, showing CH2 and CHD in  position of the cyclopropyl ring. 
 
The experiments just described characterize the 1,3-CH addition of the substrate’s 
CH bond onto the 2-cyclopropene intermediate 23. The 2-position is selectively activated 
and the D is found selectively in ’ position on the resulting cyclopropyl moiety.  
b) Kinetic studies  
The reaction of 22 with furan has been investigated in detail by kinetic studies. The 
disappearance of 22 was monitored (vs. adamantane as an internal standard) by 
1
H NMR in 
cyclohexane-d12 in the presence of 5, 10, 15, and 20 equivalents of furan. The corresponding 
ln([22]/[adamantane]) vs. time plots (Figure 2.5) indicate the reaction is first-order in 22 and 




at 323 K over at least three half-lives.  
r = k [22]                                                                      (2) 





Figure 2.5. First-order kinetic plots for the disappearance of 22 in the presence of ♦ 5, 
■ 10, ▲ 15 and × 20 equivalents of furan at 323 K.  
 
In the presence of 15 equivalents of furan-d4, an identical study revealed the absence 




; kH/kD = 0.97) for the disappearance of 22. 
Temperature-dependent studies between 313 and 338 K in the presence of 15 equiv. of furan 
(Figure 2.6) yielded an activation enthalpy of ΔHǂ = 93 ± 4 kJ/mol and a negative activation 
entropy of ΔSǂ = 45 ± 10 J/K·mol consistent with some bond breaking in a somewhat ordered 
transition state. 
 
Figure 2.6. Eyring plot for the reaction of 22 with furan.  
 
Overall the kinetic results are consistent with a rate-determining intramolecular loss of 
cyclopropane from 22 by -H abstraction generating a reactive unsaturated intermediate 23. 




Then, 23 activates rapidly and selectively a 2-CH bond of furan to give 26 in a 1,3-
stereospecific manner . 
In order to probe the post rate-determining CH activation step converting 22 and 
furan to 26, we carried out a competition experiment. Thermolysis of 26 in the presence of an 
excess of a 1:1 mixture of furan and furan-d4 in cyclohexane-d12 at 323 K yielded a mixture of 
26 and 26-d4 whose ratio lead to a kinetic isotope effect kH/kD = 2.4 ± 0.4 for the 
discrimination of the CH versus the CD bond (Scheme 2.20). Although this value is 
smaller than that for the reaction of [Tp
Me2
NbMe(c-C3H5)(MeC≡CMe)] with benzene (kH/kD = 
4.0 ± 0.4),
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 its magnitude suggests that CH/D bond weakening is significant in the transition 
state for CH/D cleavage (Scheme 2.21). 
 
Scheme 2.20. Reaction of 22 towards furan and furan-d4 in 1:1 ratio. 
 
 
Scheme 2.21. Mechanism: transition state for the 1,3-CH addition step 
 
In spite of a common reaction pathway, there are two noticeable differences between 
the Nb and the Zr systems. First, the niobium complex is known to exhibit an -CC 
agostic
278
 cyclopropyl group whereas 22 does not. Second, ΔSǂ is virtually zero in the niobium 
system whereas it is markedly negative in the case of 22. It is tempting to ascribe this 
difference to the presence of the -CC agostic distortion that pre-organises the hydrocarbyl 
ligands for CH bond abstraction in the case of Nb but not in the case of Zr. This issue, and 
others, were addressed with the help of computational studies. 




c) Computational studies  
Computational studies were performed by M. Etienne in collaboration with J. E. 
McGrady (Oxford), A. Locati and F. Maseras (ICIQ, Tarragona). They were aimed in part at 
probing the structural and mechanistic differences between the Zr and the Nb cases. They 
have been carried out at the DFT PBE1PBE/SDD (Zr)/TZVP (O, C, H) level of theory. 
Studies on the niobium systems have shown that this functional appropriately describes CH 
and CC agostic distortions.354,355 Since reactions were carried out in non-polar cyclohexane, 
energies were not corrected for solvent influence. We first focused our interest on the -H 
abstraction of cyclopropane from 22 leading to intermediate 23, the rate-determining step of 
the whole process. The computed energy profile for this step is depicted in Figure 2.7. 
 
Figure 2.7. Computed free energy (kJ/mol) profile for the -H abstraction of 
cyclopropane from 22 giving intermediate 23 (represented by A). Zr, grey; C and H, 
white spheres.  
 
Three rotamers of 22, namely 1-1, 1-2 and 1-3, were computed within a 6 kJ/mol 
energy range. No efforts were invested in finding the rotational barriers. The more stable 
rotamer 1-1 exhibits cyclopropyl groups that have almost identical conformations as those in 
the X-Ray crystal structure of 22; the computed metrical parameters of 1-1 reproduce well 
those of 22 confirming the appropriate choice of the method (Figure 2.8). 





Figure 2.8. DFT optimised structures of 1-1, the most stable rotamer of 22, and of TS, 
the transition state for -H abstraction of cyclopropane (bond lengths in Å). 
 
The transition state TS for -H abstraction is 113 kJ/mol above 1-1 in accord with a 
reaction occurring readily above room temperature. TS has a typical -bond metathesis type 
of geometry (Figure 2.8) with a linear (178°) transfer of a -H between the -carbon of a 
cyclopropyl group (that will give the 2-c-C3H4) and the -carbon of the other (that will give 
cyclopropane). TS is a late transition state in the sense that it is not symmetrical (CH bond 
breaking is 1.54 Å, CH bond forming is 1.37 Å) and there are incipient 2-cyclopropene and 
cyclopropane fragments. The hydrogen transfer seems to be assisted by the zirconium with a 
Zr
…
H distance of 1.938 Å. TS geometry and energy are similar to those computed for the -H 
abstraction of methane in the niobium complex [Tp
Me2
NbMe(c-C3H5)(MeC≡CMe)] which 
yields the same type of 2-cyclopropene intermediate [TpMe2Nb(2-c-C3H4)(MeC≡CMe)].
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Relaxation of TS on the product side yields the 2-cyclopropene [Cp2Zr(
2
-c-C3H4)] 
intermediate 23 and cyclopropane via a Van der Waals complex VdW. On the reactant side 
remarkably, none of the previously optimised rotamers of 22 is obtained. Instead rotamer 1-4 
that exhibits one distorted cyclopropyl group is found (Figure 2.9). Rotamer 1-4 sits only 10 









Figure 2.9. Rotamer 1-4: (left) Relaxation of the transition state for cyclopropane 
elimination with metrical parameters (bond lengths in Å); (right) Computed NMR 
coupling constants (JCC in Hz). 
 
Most prominently, 1-4 exhibits clear signs of -CC agostic distortion for one of the 
cyclopropyl group (Figure 2.9). A reduced ZrCC angle (100°) for the CC bond that 
approximately sits in the CZrC’ plane is accompanied by a remarkably long CC 
bond (1.54 Å) as compared to the non-agostic one (1.50 Å). The latter is marginally shorter 
than those in the undistorted cyclopropyl groups in all the rotamers. Further evidence for the 
interaction comes from the computed carbon-carbon NMR coupling constants JCC. We have 
shown this computation is reliable not only to give trends in the variation of coupling 
constants but also to yield meaningful absolute values.
278,356
 Taking the undistorted 
cyclopropyl group in 1-4 as a reference with JCC of 6.1 and 8.3 Hz, a significantly reduced 
JCC of 5.6 Hz is computed for the elongated -agostic CC bond whereas an increased 
value of JCC of 12.2 Hz characterises the other CC bond. Similar values have been 
measured and/or computed for group 3 (Y) and group 5 (Nb) -CC agostic complexes.278,356 
There is no evidence for an accompanying CH agostic distortion (-CH = 1.088, 1.084 Å; 
JCH = 142, 156 Hz, respectively). Computation of methane elimination from [Cp2ZrMe(c-
C3H5)] yielded a potential energy surface very similar to the one just described with again an 
-CC agostic intermediate located on the way to -H abstraction. 
We now can see the importance of the -CC agostic distortion in these systems 
based on cyclopropyl groups. In the niobium system where the most stable structure is -CC 
agostic, the entropy of activation remains close to zero suggesting the agostic interaction 
prepares the -CH bond abstraction step. In the zirconium case, the entropy of activation is 
negative because of a larger difference in organisation between non-agostic 22 and TS. The 
-CC agostic assistance for -H abstraction is reminiscent of the -CH agostic assistance 




for -H abstraction of an alkane from [Cp2ZrRR’] (R, R’ = various alkyls) that leads to 
unsaturated reactive 2-alkene intermediates [Cp2Zr(
2





 As far as we are aware though, none of these complexes promote CH bond 
activation of simple hydrocarbons. Terminal alkynes having more reactive CH bonds react 





Scheme 2.22. Reaction of a 2-alkene zirconium complex with phenylacetylene to 
provide an alkyl-alkynyl derivative. 
 
A stable 2-isobutylene hafnocene complex generated from a n-butyl tert-butyl 
complex via -H abstraction activates benzene by a 1,3-CH addition pathway at higher 
temperature (70°C).
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 Hence CH bond activation in these complexes appears to be 
favourable if the interaction between the transition metal fragment and the alkene is strong 
enough to provide a stable transient complex and/or the activated CH bond is reactive 
enough. The strained cyclopropene is unique in this respect. 
Another difference between the Zr and Nb cases is the magnitude of the kinetic 
isotope effect for the cleavage of the CH/CD bond of furan by 23 (kH/kD = 2.4) and that of 
benzene by [Tp
Me2
NbMe(2-c-C3H4)(MeC≡CMe)] A’ (kH/kD = 4.0). The computed geometry 
of the transition state for the 1,3-CH bond cleavage of furan by 23 is shown Figure 2.10 in 
which it is compared with the Nb case.
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 While an almost linear C···H···C -bond 
metathesis type of arrangement is observed in the two cases, the CH bond of furan is not 
elongated as much as that of benzene in the two transition states. This earlier, less 
symmetrical, transition state in the Zr case is fully consistent with the smaller experimental 
kinetic isotope effect observed for the CH cleavage event. 





Figure 2.10. DFT optimised transition state structures for CH bond cleavage of: 
(Left) furan by 23; (Right) benzene by [Tp
Me2
NbMe(2-c-C3H4)(MeC≡CMe)] A’ 




We have described that dicyclopropylzirconocene 22 activates selectively a CH bond 
of thiophene or furan in 2-position. Kinetic studies have determined that the rate determining 
step is the formation of an 2-cyclopropenezirconocene intermediate 23 formed by -H 
abstraction. It is followed by a fast stereospecific 1,3-CH addition step of the substrate CH 
bond. Activation parameters have been calculated. Computational studies suggest that an -
CC agostic interaction assists the formation of the 2-cyclopropenezirconocene intermediate.  
The same mechanism was previously observed for [Tp
Me2
NbMe(c-C3H5)(MeC≡CMe)]. We 
aimed next to investigate CH bond activation of other heterocycles.  
 
4.3- Reaction with pyridine 
Although CH bond activation of pyridine has been previously reported by early and 
late transition metal complexes including Zr species, the experiments presented herein shown 
that CH bond activation of pyridine by complex 22 does not occur.  
Complex 22 reacted with an excess of pyridine, either in cyclohexane or in pure 
pyridine at 45 ºC, to yield a dark purple solution. Cyclopropane was observed by 
1
H NMR. 
Evaporation of the volatiles, extraction with pentane and recrystallization in pentane at 40 ºC 
yielded complex 27 (Scheme 2.23) with the formula [Cp2Zr{

-NC8-(2-c-C3H4)-C6H5N}]. 
When isolated, complex 27 is air, moisture and temperature sensitive. Complex 27 contains a 




dearomatized pyridine (1,2-dihydropyridine), according to a CC oxidative coupling 
reactivity between the cyclopropyl and the pyridine (Scheme 2.23).  
 
Scheme 2.23. Reaction of 22 with pyridine to give 27.  
 
During the first experiments, the reaction was performed in cyclohexane at 60 ºC as 
for 25 and 26. At the beginning of the reaction, formation of 27 was observed by 
1
H NMR 
and the solution became dark purple. Before the whole consumption of the starting material 
22, the slurry turned brown together with the formation of by-products not observed by NMR.  
Formation of by-products could be partially prevented by performing the reaction at 
lower temperature (45 ºC) for 3 days and at low conversion. Unfortunately, 27 was obtained 
in poor yield (17%) under those conditions. The reaction was well behaved when it was 
performed in pure pyridine at 40 ºC for 5 days. Under those conditions, formation of by-
products was circumvented and the reagent 22 was fully consumed, giving an improved yield 
of 89%. 
Mechanism 
The thermal reaction of 22 and deuterated pyridine under the same conditions yielded 
complex [Cp2Zr{






This experiment confirms that the CC oxidative coupling mechanism proceeds with the 
absence of a CH bond activation step.  
In complex 27-d5, no deuterium incorporation was observed in the cyclopropyl 
moiety, which differenciates both mechanisms proposed in Scheme 2.24. The formation of 
two stereoisomers, one of which would incorporate deuterium in ’ position of the 
cyclopropyl group, would have been expected if a CD bond cleavage had occurred (Scheme 
2.24, mechanism A). On the contrary, the five deuterium atoms in 27-d5 are found exclusively 
in the dihydropyridyl ring, including the 2-position, which confirms that the mechanism is a 




direct CC oxidative coupling of the cyclopropene and pyridine (Scheme 2.24, mechanism 
B). 
 
Scheme 2.24. Possible mechanisms in the reaction of 22 with pyridine. Experiments 
with deuterated pyridine probed the mechanism B (oxidative coupling) with the 




Dearomatization of pyridine has been reported previously. Catalytic systems have 




 and early transition 
metals complexes that dearomatize pyridine include Ti hydrides,
362







 or Mg hydrides (Scheme 2.25).
365,366
 As far as we are aware, the reaction 
is unknown for Zr.  
 









In a similar fashion as observed for complex 27, Y, Sc and Lu alkyl systems undergo a 
CC coupling between ligands (Scheme 2.26).363 However, the Y alkyl systems activated first 
the 2-H by -bond metathesis, followed by CC coupling between the pyridyl rings in a 
second step, upon addition of a second equivalent of pyridine (Scheme 2.26). 
 

















Scheme 2.27. Complex 27. 
 
The remarkable feature of the NMR spectra of 27 are the non-equivalent Cp rings 
observed at  5.74 and 5.66 ppm (1H NMR), which indicate the absence of a plane of 
symmetry (Scheme 2.27). Protons of 27, 3-H (5.16, d, 3JHH = 10.1 Hz), 4-H (6.00, dd, 
3
JHH = 9.7, 5.7 Hz), 5-H (4.48, ddd, 
3
JHH  =  6.8, 5.3, 1.3 Hz) and 6-H ( 6.25, d, 
3
JHH = 7.1 
Hz) and the corresponding carbons were identified by 
1
H COSY and HMQC experiments. 2-
C appears at 56.51 ppm in the 13C NMR spectra and correlates by HMQC with 2-H which is 
a doublet at  5.31 ppm with a small coupling constant JHH = 2.3 Hz with H’’. We suggest 
that the other coupling constants are not observed as a result of the constrained five-
membered metallacycle, which would yield torsion angles H3C3C2H2 and 




H’’C7C2H2 smaller than 180°.352 2-H correlates by COSY with H’’ and the HMBC 
experiment shows a strong correlation for 7-C (CHβ’’) at 42.02 ppm and 2-H. The 
cyclopropyl group has four protons instead of five. H and H’ at  1.19 and 1.50 ppm 
respectively are geminal non equivalents diastereotopic protons bound to 9-C (15.76 ppm). 
H’ is syn to the Zr and to the dihydropyridyl ring whereas H, H and H’’ are anti, as 






H NMR of 27-d5 showed identical chemical shifts and integration as 27 for the 
cyclopropyl protons H, H, H’ and H’’ and for the 5-C5H5 moieties. Signals for the 
deuterated dihydropyridide ring are absent in the 
1
H NMR, but they are all observed in the 
2
H 
NMR at the same chemical shifts (Figure 2.11). No other deuterium signals were observed in 
the 
2
H NMR spectrum. 
 
Figure 2.11. Comparison of the 
2
H NMR of complex 12-d5 in toluene (top) and 
1
H 
NMR of complex 12 in toluene-d8 (bottom). 
 
UV-Vis spectra 
The purple color observed in 27 is not usual for a Zr(IV) d
0
 complexes such as those 
of the type Cp2ZrXY, which are usually colourless or pale yellow. Substituted 
dihydropyridines are colorless as well
367
 but a red color is observed when dearomatized 
pyridines are bound to Mg.
365
 The UV-visible absorption spectrum of 27 shown in Figure 
2.12 was performed in inert conditions, using a sealed valve quartz cuvette in the non-polar 
solvent pentane and prepared into the glovebox.  





Figure 2.12. Absorption UV-vis spectrum of 27 in pentane with a broad band 
corresponding to absorbance in the yellow region. 
 
A weak broad absorption responsible of the purple color of 27 was observed in the 
yellow region between 400 and 600 nm (249 cm1at 520 nm, 0.05 mM). This value 
is too low for ligand to metal charge transfer (LMCT). We suggest a ligand to ligand charge 
transfer (LLCT). The  values are usually lower for this kind of transitions, although some 
influence of the d orbitals of the metal can increase thesevalues.368 
 
4.3.2- Formation of rearranged products from 27. 
Attempts to characterize 27 by X-Ray diffraction failed. Complex 27 rearranged to 
other products in solution. Although not all of those side products were characterized, two of 
them were identified. Full understanding of the pathways leading from 27 to these rearranged 
products will need more investigation. 
Rearrangement of 27: migration of proton 2-H to 4-C. 
Complex [Cp2Zr{

-NC8-(2-c-C3H4)-C6H5N}] (28) was often observed during the 
decomposition of 27, and once it precipitated. A structure for 28 is proposed on the basis of 
the NMR data (Figure 2.13). 
 











H NMR of 28, the cyclopropyl ring signals appear similar except for H which 
is slightly deshielded. However, we observe many changes in the pyridyl ring. We suggest a 
migration of proton 2-H to the 4-position to form a 1,4-dihydropyridide complex as indicated 
in Figure 2.13. Remarkably, the clue is the coupling constant of 
2
JHH = 19.6 Hz between the 
diastereotopic geminal 4-H and 4’-H giving an AB system at  3.09 and 2.87 ppm (Scheme 
2.28). Furthermore, 4’-H is coupled with the neighbours 3-H and 5-H  (3JHH = 4.4  Hz) 
whereas 4-H gives a doublet with a smaller coupling constant (
3
JHH = 2.3  Hz). A coupling 
constant 
3




H} NMR shows the expected 
number of signals but only η 
5
-C5H5 (δ 111.48 and 110.69 ppm), 6-C (δ 132.18 ppm), and  C 
(δ 45.07 ppm) were assigned with confidence due to the decomposition of the product while 
carrying out 2D experiments. 
 





Scheme 2.28. Plot of 28 with the coupling constants JHH in Hz for the 1,4-
dihydropyridide moiety. 
 
Unfortunately, the conditions for the formation of this molecule are up to now 
unknown. Formation of 28 from 27 is observed by NMR within hours at R.T. together with 
other products, but 28 could be isolated only once. 
Examples of formation of 1,4-dihydropyridide from 1,2-dihydropyridide are known. 
Both are observed from the reaction of [(BDI)Mg(
n
Bu)](py) with PhSiH3. The 1,4-
dihydropyridide is the thermodynamic product whereas the 1,2-dihydropyridide is a kinetic 
product.
365
 Rearrangement of 1,2- to 1,4-dihydropyridide is observed in Sc and Y complexes 




Scheme 2.29. H transfer from a 1,2-dihydropyridide complex to the 4-position of the 











Rearrangement in the presence of pyridine: opening of the cyclopropyl group 
When the synthesis of 27 is performed in pure pyridine, pure purple 27 was first 
precipitated as the major product upon addition of pentane. From the supernatant, red single 
crystals of [Cp2Zr{

-NC8-(2-C3H5)-C6H4N}] (29) were obtained. Ring opening of the 
cyclopropyl moiety together with the migration of a hydrogen atom resulted in extended 




conjugation with the dihydropyridyl. The structure together with a tentative mechanism is 




C NMR, elementary analysis and X-Ray diffraction. 
 




H NMR data are summarized in Scheme 2.31. The 1,2-dihydropyridyl 
moiety and η5-C5H5 moieties are similar to 27 except for the absence of 2-H. Apart from 
aromatic signals of 3-H, 4-H , 5-H and 6-H protons of the pyridyl ring, the CH of the alkene 
7-H resonates at δ 4.25 ppm (3JHH = 9.2 Hz). Remarkably, 8-H from the CHCH3 aliphatic 
moiety gives signals at δ 0.81 and 64.89 ppm in the 1H and 13C NMR respectively with 1JCH 





JHH  = 5.9 Hz) and as a quadruplet at δ 22.17 ppm (
1
JCH = 125 Hz) in the 
13
C NMR 
spectrum. All signals agree with the solid state geometry obtained by X-Ray diffraction. 
 




The ORTEP plot of the structure of 29 is shown in Figure 2.14 with the selected bond 
distances and angles. 





Figure 2.14. ORTEP plot of the X-Ray structure of complex 29. Selected bond 
distances (Å) and angles (deg): Zr1N1 2.180(4), Zr1C12 2.269(4), Zr1C13 
2.573(5), N1C14 1.383(6), C13C14 1.391(7), C12C13 1.458(7), CpºZr1Cpº 
127, Zr1C12C13 84.3(3), C11C12C13 117.1(4), C12C13C14 126.5(5), 
Zr1C11C12 135.3(3), Zr1N1C14 94.2(3), N(1)Zr1C12 82.21(16), 
C11C12C13 117.1(4)º, ZrC12C13 84.3(3). 
 
Relevant distances and angles are also depicted in Scheme 2.32. There is a distinctive 
alternation of short and long bond distances corresponding to the single and double bonds of 
the metallacycle and the dihydropyridyl conjugated system, which is almost planar (torsion 
angle C13C14C15C16 169.47°). N(1) bonded to Zr is slightly pyramidalized with 
torsion angles of C17C18N1Zr1 138.01º and C15C14N1Zr1 143.66º. The Zr1N1 
distance of 2.180(4) Å in 29 is comparable to a ZrNamido -bond of 2.135(1) Å in the 
phenylpyridylamido moiety of a complex reported by Erker.
369
 In the same complex, the 
ZrN distance of the coordinated pyridine is longer (2.413(2) Å). The ZrC12 (C) bond of 
2.269(4) Å and the angle N1Zr1C12 of 82.21(16)° are respectively shorter and smaller than 
the corresponding values reported by Jordan for a similar five-membered ring metallacycle of 
a cationic species,
325
 in which ZrC is 2.303(2) Å and the bite angle N1Zr1C12 is 
77.26(8)º. C12 is highly distorted for a sp
3
 carbon, showing a large angle Zr1C12C11 of 
135.3(3)°, a normal angle C11C12C13 of 117.1(4)º and a small angle of Zr1C12C13 of 
84.3(3)º. 





Scheme 2.32. Selected distances in Å (right) and angles in degree (left) for complex 
29. 
 
4.4- Reactivity towards substituted pyridines 
The reactivity of complex 22 with three different methyl-substituted pyridines (2-
picoline, 2,6-lutidine and 3,4-lutidine) was investigated in parallel. We aimed at obtaining 
similar products with different stability and solubility properties than pyridine to probe the 
mechanism and the regioselectivity issues. The substrates are depicted in Figure 2.15. 
 
Figure 2.15. Substituted pyridines used as reagents towards complex 22. 
 
4.4.2- Reaction with 2-picoline 
Zr complexes activate a CH bond of 2-picoline, either at the Me group, at 2-
position,
325,327
 or at both.
322
 Unfortunately the reaction of 22 and 2-picoline in different 
conditions gave a mixture of products as ascertained by 
1
H NMR. Neither C-H bond 
activation or dearomatization products were observed.  
 
4.4.2- Reaction with 2,6-lutidine 
Reaction of 22 with 2,6-lutidine initially turned purple and two non-equivalent signals 
were observed by 
1
H NMR in the Cp region at  6.20 and 6.09 ppm (likely analogous to 27 
formed by dearomatization). After that, several products appeared (several signals in the Cp 




region) and a brown slurry formed. The major product was identified as the CH activation 
product at one of the methyl groups to give [Cp2Zr(c-C3H5){

-NC7-(2-CH2-6-CH3)-
C5H5N}] (30) as shown in Scheme 2.33. Activation of 2,6-lutidine by the cationic complex 
[Cp2Zr(CH3)(THF)]
+




Scheme 2.33. Reactivity of complex 22 with 2,6-lutidine. 
 
Complex 30 was fully characterized by NMR. The CH2 appears at  1.66 and 37.82 
ppm whereas the terminal CH3 is observed at  2.02 and 22.61 ppm by 
1
H NMR and 
13
C 
NMR respectively. 4-H resonates at 6.80 ppm and the protons 3-H and 5-H in meta position 
resonate at  6.25 and 6.04 ppm but could not be assigned. A single Cp signal is observed at 
5.52 ppm. The cyclopropyl group showed three signals at 1.03, 0.53 and 0.52 ppm 
corresponding to H, H’ and H, respectively. C, assigned by HMQC, appears at  10.24 
ppm whereas C was not observed in this experiment. Attemps to purify or crystallize this 
complex have failed so far. 
4.4.3-Reaction with 3,4-lutidine 
The thermal reaction of 22 with 3,4-lutidine was performed in cyclohexane. Two 
regioisomers [Cp2Zr{

-NC8-(2-c-C3H4)-3,4-Me2-C6H3N}] (31a) and [Cp2Zr{

-NC8-(2-c-
C3H4)-4,5-Me2-C6H3N}] (31b) which could not be separated were obtained from the 
oxidative coupling of the cyclopropene intermediate 23 and the pyridyl ring of the 3,4-
lutidine, resulting in the dearomatization at the ortho position as observed for 27.  
Complex 31a is the major isomer (ratio 31a:31b = 3/1) (Scheme 2.34). We suggest 
that this ratio is due to the different energies of the double bonds formed: 1 MeC=CMe and 
1 HC=CH (in 31a) are more stable than 2 HC=CMe units (in 31b). 
 





Scheme 2.34. Regioisomers 31a and 31b obtained from the reaction of complex 22 and 
3,4-lutidine. 
 
Products 31a and 31b are much less sensitive to temperature than 27. It is proposed 
that substitution in 4-position prevents the rearrangements to by-products as expected.
365
 
Characterization of 31a and 31b 




C NMR. Two different Cp signals 
resonate at  5.91 and 5.80 ppm and two aromatic coupled protons are observed at δ 6.36 (d, 
3
JHH = 7.1 Hz, 6-H) and 4.34 (d, 
3
JHH = 7.1 Hz, 5-H) ppm. Similarly to product 27, 2-H gives 
a broad singlet at 5.38 ppm and 2-C appears at 62.44 ppm. Two close Me signals appear at 
 1.76 and 1.74 ppm by 1H NMR and  17.85 and 15.31 ppm by 13C{1H} NMR. The c-C3H4 
moiety is characterized by four different multiplets at  2.14 (H’’), 1.47 (H), 1.05 (H’) 
and 0.17 (H) ppm by 1H NMR. Its corresponding carbons at  42.87 (7-C), 14.98 (9-C) and 
41.55 (8-C) ppm were unambiguously assigned. 
Complex 31b was identified by 
1
H NMR. The 5-C5H5 signals of 31a and 31b are 
superimposed. Aromatic singlets are observed for 2-H, 3-H and 6-H at  6.12, 5.30 and 4.98 
ppm respectively and the two CH3 at  1.82 and 1.79 ppm. Finally, four multiplets 
characteristic of the cyclopropyl moiety are observed at 1.83 (c-C3H4 ’’), 1.46 (c-C3H4 ), 
1.16 (c-C3H4 ’) and 0.34 (c-C3H4 ) ppm. 
4.4.4-Conclusion 
Reactivity between 22 and three different methyl substituted pyridines has been 
performed. The reaction with 2-picoline yields several products and non-reproducible results, 
whereas the reaction with the 2,6-lutidine yields product 30 where the CH bond activation at 
the methyl group has occurred. Activation of ortho-methyl substituted pyridines does not 
yield dearomatization products. 




On the contrary, 3,4-lutidine and 22 undergo oxidative coupling to yield the 
regioisomers 31a and 31b corresponding to the dearomatization of the pyridyl ring at the 2 
and 6 positions respectively. Unfortunately, products 31a and 31b could not be isolated, but 
they were found more stable than 27 thanks to the substitution in 4-position. Further reactivity 
should be performed along these lines using other substituted pyridines in order to fully 
understand the stabilizing factors that govern the selectivity in this system. In any case, no 
activation of an aromatic CH bond was observed in any of the pyridines. 
 
4.5- CF bond activation on fluorinated pyridines 
CF bond activation of pentafluoropyridine by 22 was accidentally discovered while 
studying the mechanism of dearomatization of pyridine. Although no reaction was observed 
between 22 and C6F6, the reaction with pentafluoropyridine was very clean and CF 
activation occurred selectively in 2-position to give [Cp2ZrF{(2-C5F4N)-c-C3H4}] 32 as 
depicted in Scheme 2.35. 
 
Scheme 2.35. Synthesis of product 32.  
 
The reaction was performed in cyclohexane at 45 °C for 5 days. Formation of 
cyclopropane and total consumption of 22 were observed during the reaction together with a 
change of color from yellow to light brownish and the formation of a precipitate. Extraction 
of the solid with toluene and pump-off the solvent gave 32 as a pure beige solid in 61% yield. 
The isolated product must be stored at low temperature to avoid decomposition. The selective 
CF bond activation in 2-position of the pentafluoropyridine implies formation of both a ZrF 
bond and a cyclopropyl-2-pyridyl CC bond. The formation of the strong ZrF bond is the 
driving force of the reaction. Complex 32 has been characterized by multinuclear NMR and 
X-Ray diffraction. 




Characterization of 32 






C NMR) was performed in 
toluene-d8 at 233 K (Scheme 2.36). 
1
H NMR showed two inequivalent Cp signals ( 5.82 and 
5.79 ppm for η5-C5H5 A and η
5





HOESY experiment. Four inequivalent multiplets for the c-C3H4 moiety were observed 
similarly to product 27 at 2.42 (Hβ’’), 1.66 (Hβ), 1.53 (Hβ’) and 0.09 (H) ppm by 1H 
NMR and  37.77 (C), 21.00 (CHβ’’), 20.54 (CH2β’) ppm by 
13
C NMR. In the 
19
F NMR 
spectrum, a characteristic ZrF signal was observed at  61.03 ppm as a broad singlet together 











F}, HMQC and HMBC were conclusive for the 
assignment of all the signals and allowed to determine JCH and JCF (see experimental part). 
Remarkably 2-C appeared at 146.81 ppm. 
 
Scheme 2.36. Complex 32.  
 
The ORTEP of the X-Ray structure of 32 is depicted in Figure 2.16. 
 
Figure 2.16. ORTEP plot of the X-Ray structure of complex 32. Selected bond 
distances (Å) and angles (deg): Zr1F5 1.95(1), Zr1C11 2.301, F5Zr1C11 
105.44(6), CpºZr1Cpº 133.1. 
 




The first remarkable feature is the absence of coordination of the fluorinated pyridine 
moiety. The fluorinated pyridyl moiety is syn to the Zr center and anti to H. The Cp’s bite 
angle of 133.1° is slightly larger than 127.8° in [Cp2ZrF2].
370
 The distance ZrF5 of 1.950(1) 
Å is similar to that in [Cp2ZrF(2,3,5,6-tetrafluoropyrid-4-yl)] (1.946(2) Å)
317
 or in [Cp2ZrF2] 
(1.98(1) Å).
370
 The distance ZrC11 (ZrC) of 2.301(2) Å is similar to 2.347(3) in 
[Cp2ZrF(2,3,5,6-tetrafluoropyrid-4-yl)] or 2.256(3) and 2.261(3) in 22. The C11ZrF5 angle 
of 105.44(6)° is however larger than 99.38(9)º in [Cp2ZrF(2,3,5,6-tetrafluoropyrid-4-yl)], 
likely due to the steric repulsion between the Cp ligands and the pyridyl moiety.  
 
Mechanism 
The mechanism involves the now well known -H abstraction from 22 to give 2-
cyclopropene intermediate 23, as the rate determining step. From the three possible 
mechanisms described in the first part of this chapter for the fluorinated pyridines (concerted 
CF activation, electron transfer/ion pair and SNAr), we propose that the mechanism is a 
concerted CF bond activation based on the selectivity in 2-position of the fluorinated 
pyridine. In our case, this concerted mechanism implies a -bond methatesis reaction through 
a four center transition state involving the CF bond of the pyridine and the ZrC bond of 
cyclopropene ligand in 23. This mechanism depicted in Scheme 2.37 is similar to that 
proposed for the CH bond activation of furan and thiophene; however the position of the 
atoms has been inverted in order to keep the alternance of the charges in the four center 
transition state and so far the thermodynamics for ZrF and CC bonds. 
 
Scheme 2.37. Mechanism for the formation of complex 32. 
 
CF bond activation of pentafluoropyridines by other zirconocene complexes were 
selective in the 4-position. For example, zirconocene bis(trimethylsilylacetylene)
317
 yielded 




[Cp2ZrF(2,3,5,6-tetrafluoropyrid-4-yl)] (Scheme 2.38). This complex was also obtained from 





Scheme 2.38. Proposed mechanism for CF bond activation of perfluorinated pyridine 




Only one example of selective activation at 2-position of the fluorinated pyridine by 
an imido Zr complex has been reported (Scheme 2.39).
320
 It has been suggested that activation 
at 2-position originated from a concerted oxidative addition mechanism whereas electron-
transfer reaction pathways or nucleophilic substitution occurred when the 4-position was 
activated.
317
 However, in the latter it can be also proposed that selectivity at the 4-position is 
due to the involvement of a second Zr complex for steric reasons, whereas in the mononuclear 
activation, selectivity in 2-position would be governed by the pyridine coordination prior to 
activation.  
 




DFT calculations have been envisaged on this topic in order to further investigate the 
mechanism. Future perspectives also include reactivity studies on different fluorinated 
substituted pyridines. Notably, preliminary studies of the competitive reactivity of CH and 
CF bonds in ortho position have been performed with 2-fluoropyridine and 4-
trifluoromethyl-2,3,5-trifluoropyridine with no concluding results up to date. 





The reactivity of the (2-cyclopropene)zirconocene intermediate [Cp2Zr(c-C3H4)] 23 
toward small heretoaromatic rings has been investigated. This intermediate is generated by a 





 Three kinds of reactivity have been 
observed depending on the substrates nature. 
The activation of a CH bond of furan and thiophene is selective in 2-position-H-
abstraction/1,3-addition mechanism has been demonstrated by kinetic and labelling studies. 
DFT calculations suggest that the -CH abstraction is assisted by an -CC agostic 
cyclopropyl intermediate. Benzene is not cleanly activated. 
The more challenging activation on the aromatic CH bonds of pyridine and 
substituted pyridines does not ocurr. In most cases, dearomatization of the pyridyl ring by 
oxidative coupling (pyridine, 3,4-dimethylpyridine) or CH bond activation at the methyl 
group (2,6-dimethylpyridine) are observed.  
Finally, a serendipitous experiment showed that dicyclopropylzirconocene activates 
fluorinated pyridine selectively in 2-position, yielding a monofluorozirconocene derivative 
and CC coupling between cyclopropyl and fluorinated pyridyl groups. Further experiments 
and computations are planned to investigate the competitive reactivity of CF vs CH in 
ortho position of the 2-fluoropyridines. 
Overall, although the (2-cyclopropene)zirconocene intermediate [Cp2Zr(c-C3H4)] was 
first described in the 90’s, it has shown reactivity with different substrates in many fashions, 
demonstrating to have a strong potential to be still explored. 
 




Experimental section second part 
A. General methods 
All air- and moisture-sensitive compounds were handled using vacuum line, Schlenk, 
and cannula techniques, or in a JACOMEX GP-Concept glovebox under an argon 
atmosphere. Solvents were dried and distilled using the conventional methods by 
Na/benzophenone (diethyl ether, tetrahydrofuran), Na (toluene) or CaH2 (dichloromethane, 
cyclohexane, pentane) or passed on activated alumina columns then degassed by freeze-
pump-thaw cycles. C6F6, thiophene, furan, pyridine, 2-picoline, 2,6-lutidine, 3,4-lutidine, 
pentafluoropyridine and deuterated solvents and reactants (benzene-d6, cyclohexane-d12, 
furan-d4, pyridine-d5) were degassed by freeze-pump-thaw cycles, dried over molecular 
sieves, and stored under argon. [Cp2ZrCl2] was purchased from Sigma-Aldrich and 
crystallized from dried dichloromethane and pentane.  Li(c-C3H5) was prepared from Li and 
C3H5Br in ether from 0°C to RT for 24 h from an adapted literature procedure
372
 and then it 
was titrated by the Gilman method.
373
 The ethereal solution was pumped to dryness and solid 




C and ROESY NMR spectra were obtained 
using J. Young valve NMR tubes in Bruker DPX300, AVANCE 300, 400 or 500 
spectrometers at room temperature unless otherwise stated. Chemical shifts are given in ppm 
downfield from Me4Si using residual proton (C6D5H, δ 7.16; C7D7H, δ 2.08; C6D11H, δ 1.42) 
or carbon (C6D6, δ 128.39; C7D8, δ 20.43) signals of the deuterated solvents. Elemental 
analyses (Analytical service of the LCC) are the average of at least two independent 
measurements. 
 
B. Synthesis of the complexes from the CH bond activation of benzene, furan 
and thiophene 
Synthesis of [Cp2Zr(c-C3H5)2] (22)  
 




In the glovebox, [Cp2ZrCl2] (700 mg, 2.40 mmol) and cyclopropyl lithium (25% by 
weight, 920 mg, 4.79 mmol) were dissolved in 15 mL of toluene and stirred at room 
temperature for 2 h. During this time the colourless solution turned yellow. The solvent was 
removed under vacuum and the resulting solid was extracted with pentane and filtered to give 
a clear yellow solution. After evaporation of the solvent, the solid was crystallised from cold 
pentane to yield 22 as a yellow crystalline solid which must be stored below 0°C (620 mg, 
2.04 mmol, 85%).  
1
H NMR (500.3 MHz, toluene-d8, 233 K) δ 5.59 (s, 10 H, η
5
-C5H5), 0.78 (dd, 4 H, 
JHH = 10.0, 1.4 Hz, c-C3H5 β), 0.42 (dd, 4 H, JHH = 7.9, 1.4 Hz, c-C3H5 β’), 0.18 (tt, 2 H, 
3
JHαHβ = 10.0 Hz; 
3
JHαHβ’ = 7.9 Hz, c-C3H5 α) ppm. 
13
C NMR (125.8 MHz, toluene-d8, 233 K) 
δ 109.8 (d, 1JCH = 172 Hz, η 
5
-C5H5), 33.9 (d, 
1
JCH = 133 Hz, c-C3H5 α), 10.2 (t, 
1
JCH = 158 Hz, 
c-C3H5 β) ppm.  
Synthesis of [Cp2Zr(η
1
-C6H5)(c-C3H5)] (24).  
 
In a Young-type 5 mm NMR tube in the glovebox, 22 (40 mg, 0.13 mmol) was 
dissolved in 0.5 mL of cyclohexane-d12 and 20 equivalents of C6H6 were then added with a 
microsyringe. The reaction mixture was heated at 60 °C for 6 h and a 
1
H NMR spectrum 
showed the likely formation of [Cp2ZrPh(c-C3H5)] together with several unidentified species. 
Prolonged heating caused the complete disappearance of these signals with several ill-defined 
signals appearing. 
Synthesis of [Cp2Zr(c-C3H5)(2-C4H3S)] (25).  
 
22 (200 mg, 0.66 mmol) was dissolved in 12 mL of cyclohexane and thiophene (0.53 
mL, 6.6 mmol) was added. The mixture was heated at 60°C for 24 h to give an orange 
solution. The solvent was removed under reduced pressure and the residue was extracted with 
pentane. After evaporation of the solvent, the solid was crystallised from cold pentane to yield 




25 as a yellow crystalline solid which was stored at 40°C (150 mg, 0.44 mmol, 66%). Anal. 
Calcd for C17H18SZr: C, 59.08; H, 5.21. Found: C, 59.15; H, 4.78.  
1
H NMR (400.1 MHz, cyclohexane-d12, 298 K) δ 7.35 (dd, 1 H, JHH = 4.4, 0.7 Hz, 5-
H), 7.02 (dd, 1 H, JHH =  3.2, 0.7 Hz, 3-H), 6.91 (dd, 1 H, JHH =  4.4, 3.2 Hz, 4-H), 6.11 (s, 10 
H, η 
5
-C5H5), 0.56 (dd, 2 H, JHH = 9.8, 1.6 Hz, c-C3H5 β), 0.26 (dd, 2 H, JHH = 8.2, 1.6 Hz, c-
C3H5 β’ ), 0.13 (m, 1H, c-C3H5 α) ppm.  
13
C NMR (100.6 MHz, benzene-d6, 298 K) δ 176.7 
(dd, JCH = 15, 8 Hz, 2-C), 137.2 (ddd, JCH = 162, 11, 6 Hz, 5-C), 130.8 (dt, JCH = 182, 9 Hz, 4-
C), 127.1 (ddd, JCH = 163, 8, 5 Hz, 3-C), 110.7 (d, 
1
JCH = 174 Hz, η 
5
-C5H5), 41.2 (d, 
1
JCH = 
135 Hz, c-C3H5 α), 11.3 (t, 
1
JCH = 159 Hz, c-C3H5 β) ppm. 
Synthesis of [Cp2Zr(c-C3H5)(2-C4H3O)]  (26) 
 
22 (200 mg, 0.66 mmol) was dissolved in 12 mL of cyclohexane, and furan (0.50 mL, 
6.6 mmol) was added. The mixture was heated at 60°C for 24 h to give a yellow solution. The 
solvent was removed under reduced pressure and the residue was extracted with pentane. 
After evaporation of the solvent, the solid was crystallised from cold pentane to yield 26 as a 
yellow crystalline solid which was stored at 40°C (140 mg, 0.42 mmol, 65%). The reaction 
can be carried out in C6F6 with similar results. Anal. Calcd for C17H18OZr: C, 61.96; H, 5.47. 
Found: C, 61.57; H, 5.46. 
1
H NMR (400.1 MHz, cyclohexane-d12, 298 K) δ 7.41 (dd, 1 H, JHH = 1.6, 0.6 Hz, 5-
H), 6.28 (dd, 1 H, JHH = 3.1, 0.6 Hz, 3-H), 6.09 (dd, 1 H, JHH = 3.1, 1.6 Hz, 4-H), 6.05 (s, 10 
H, η 
5
-C5H5), 0.46 (dd, 2 H, JHH = 9.6, 2.2 Hz, c-C3H5 β), 0.29 (m, 1 H, c-C3H5 α), 0.16 (dd, 2 
H, JHH = 7.9, 2.2 Hz, c-C3H5 β’) ppm.
 13
C NMR (100.6 MHz, benzene-d6, 298 K) δ 202.9 
(dd, JCH = 15, 5 Hz, 2-C-furyl), 144.5 (ddd, JCH =  196, 12, 6 Hz, 5-C), 123.9 (ddd, JCH =  169, 
6, 4 Hz, 4-C), 109.8 (d, 
1
JCH =  173 Hz, η 
5
-C5H5), 108.5 (ddd, JCH =  171, 15, 5 Hz, 3-C), 41.3 
(d, 
1
JCH =  139 Hz, c-C3H5 α), 9.8 (t, 
1
JCH =  161 Hz, c-C3H5 β) ppm. 
 
 




Synthesis of [Cp2Zr(c-C3H4D)(2-C4D3O)] (26-d4).  
 
 
22 (10 mg, 0.032 mmol) was dissolved in 0.6 mL of hexafluorobenzene in an NMR J. 
Young valve NMR tube, and furan (0.04 mL, 0.8 mmol) was added. The mixture was heated 
at 45°C for 3 days to give a yellow solution. The solvent was removed under reduced pressure 
and the residue was extracted with pentane. After evaporation of the solvent, 26-d4 was 
obtained as a yellow crystalline solid.  
1
H NMR (500.1 MHz, C6F6 with a benzene-d6 capillary, 298 K)  5.84 (s, 10 H, η 
5
-
C5H5), 0.04 (d, 2 H, 
2
JHH = 10.2 Hz, c-C3H4D β), 0.17 (m, 1 H, c-C3H4D α), 0.46 (d, 1 H, 




H} NMR (77 MHz, C6F6 with a benzene-d6 







H} NMR (100.6 MHz, cyclohexane with a benzene-d6 capillary, 298 K) δ 109.54 
(s, η5-C5H5), 40.39 (s, c-C3H4D, CαH), 9.04 (s, c-C3H4D, CβH2), 8.98 (t, JCD =  24 Hz, c-
C3H4D, CβHD) ppm. 
 






Option A: 22 (200 mg, 0.66 mmol) was dissolved in 12 mL of cyclohexane, and 
distilled pyridine (0.80 mL, 9.9 mmol) was added. The mixture was heated to 40°C for 4 days 




to give a purple solution and a poorly soluble brown solid. The solvent was removed under 
reduced pressure and the residue was extracted with pentane. After evaporation of the solvent, 
the solid was crystallized from cold pentane at 40°C to yield 27 as dark purple crystals (40 
mg, 0.117 mmol, 17%). This solid is air, moisture and temperature sensitive.  
Option B: 22 (150 mg, 0.49 mmol) was dissolved in distilled pyridine (2 mL, 21.1 
mmol). The mixture was heated to 45 °C for 3 days to give a purple solution. This solution 
was concentrated under reduced pressure. After addition of pentane, the mixture was kept to 
40°C overnight to give a dark purple solid. The solution was removed by filtration and the 
solid was crystallised from pentane at 40°C to yield 27 as dark purple crystals (150 mg, 
0.441 mmol, 89%).  C18H19NZr: C 63.49, H 5.58 N 4.11. Found: C 63.28, H 5.70, N 3.90. 
1
H NMR (500.1 MHz, toluene-d8, 223 K)  6.25 (d, 1H, 
3
JHH = 7.1 Hz, 6-H), 6.00 
(dd, 1H, 
3
JHH  =  9.7, 5.7 Hz, 4-H), 5.74 (s, 5 H, η 
5
-C5H5A), 5.66 (s, 5 H, η 
5
-C5H5B), 5.31 (q, 
1H, 
3
JHH  =  2.3 Hz, 2-H), 5.16 (d, 1H, , 
3
JHH  =  10.1 Hz, 3-H), 4.48 (ddd, 1H, , 
3
JHH  =  6.8, 
5.3, 1.3 Hz, 5-H), 1.75 (dp, 1 H,
 3
JHH  =  9.4, 3.0 Hz, c-C3H4 β’’), 1.50 (dt, 1H, 
3
JHH  =  7.4, 
3.4  Hz, c-C3H4 β), 1.19 (ddt, 1H,   
2
JHH  = 12.4, 
3
JHH =  8.3, 4.2 Hz, c-C3H4 β’), 0.22 (q, 1H, 
3
JHH  =  9.0 Hz, c-C3H4 ) ppm.  
13
C NMR (100.6 MHz, toluene-d8, 223 K)  142.69 (d, JCH 
= 165 Hz, 6-C), 122.41 (d, JCH = 160 Hz, 3-C), 121.84 (d, JCH = 159 Hz, 4-C), 111.01 (m, JCH 
= 172 Hz, η 
5
-C5H5 B), 109.70 (m, JCH = 172 Hz, η 
5
-C5H5 A), 91.01 (d, JCH = 159 Hz, 5-C), 
56.51 (d, JCH = 131 Hz, 2-C), 42.02 (d, JCH = 144 Hz, 7-C), 41.05 (d, JCH = 130 Hz, 8-C), 






22 (100 mg, 0.33 mmol) was dissolved in 8 mL of cyclohexane, and pyridine (0.40 
mL, 4.7 mmol) was added. The mixture was heated at 40°C for 4 days to give a purple 
solution and a brown solid. The solvent was removed under reduced pressure and the residue 




was extracted with pentane. After evaporation of the solvent, the solid was crystallized from 
cold pentane at 40°C to yield 27-d5 as dark purple crystals (16 mg, 0.046 mmol, 14%). This 
solid is air, moisture and temperature sensitive. 
1
H NMR (500.1 MHz, benzene-d6, 298 K)  5.85 (s, 5 H, η 
5
-C5H5A), 5.77 (s, 5 H, η 
5
-C5H5B), 1.73 (ddd, 1 H, 
3
JHH  = 8.7, 7.1, 3.7  Hz, c-C3H4 β’’), 1.48 (dt, 1H, 
2
JHH  = 8.4, 
3
JHH  
= 3.5  Hz, c-C3H4 β), 1.15 (m, 1H, c-C3H4 β’), 0.28 (q, 1H, 
3
JHH  = 9.6 Hz, c-C3H4 ) ppm.  
2
H NMR (77 MHz, toluene-d8, 253 K) δ 6.26 (s, 6-D), 5.96 (s, 4-D), 5.25 (s, 2-D), 5.12 (s, 3-
D), 4.47 (s, 5-D) ppm.  
 
Characterization  of [Cp2Zr{

-NC8-(2-c-C3H4)-C6H5N}] (28)  
 
1
H NMR (400 MHz, cyclohexane-d12, 298 K) δ 6.28 (s, 5 H, η 
5
-C5H5A), 6.18 (s, 5 H, 
η 
5
-C5H5B), 5.49 (dd, 1 H, 
3
JHH = 7.6, 
5
JHH = 2.0 Hz, 6-H), 4.28 (dt, 1 H,
3
JHH = 4.5, 
5
JHH = 2.0 
Hz, 3-H), 4.06 (ddt, 1 H,
3
JHH = 6.8, 4.4, 
5
JHH = 2.2 Hz, 5-H), 3.09 (dq, 1 H, 
2
JHH = 19.2, 
3
JHH 
= 2.3 Hz, 4-H), 2.87 (dt, 1 H, 
2
JHH = 19.6, 
3
JHH = 4.4 Hz, 4’-H), 1.73 (ddd, 1 H, 
3
JHH = 9.0, 
7.3, 3.5 Hz, c-C3H4 ’’), 1.44 (m, 3 H, 
3
JHH = 5.7 Hz, c-C3H4 ), 1.15 (ddd, 1 H, 
3
JHH = 10.2, 
7.3, 3.0 Hz, c-C3H4 ’), 0.86 (q, 1 H, 
3




H} NMR (101 MHz, 
cyclohexane-d12, 298 K) δ 132.18 (6-C), 111.48 (η 
5
-C5H5), 110.69 (η 
5
-C5H5), 109.46, 97.51, 
92.34 (2-C, 3-C, 5-C), 45.07 (c-C3H4 C), 30.14, 26.08 , 22.47 (7-C, 4-C and 9-C) ppm. 
 









H NMR (400 MHz, toluene-d8, 298 K) δ 7.37 (d, 1 H, 
3
JHH = 6.3 Hz, 6-H), 6.41 (d, 1 
H, 
3
JHH = 9.0 Hz, 3-H), 6.33 (dd, 1 H, 
3
JHH  = 8.7, 5.6 Hz, 4-H), 5.56 (s, 5H, η 
5
-C5H5A), 5.44 




JHH =  1.1 Hz, 5-H), 5.01 (s, 5H, η 
5
-C5H5B), 4.25 (d, 1 H, 
3
JHH = 9.2 Hz, 
7-H), 2.14 (d, 3 H, 
3
JHH  = 5.9 Hz, CH3), 0.81 (dq, 1 H, 
3
JHH = 9.6, 5.9 Hz, 8-H) ppm. 
13
C 
NMR (101 MHz, toluene-d8, 233 K) δ 146.74 (dt, 
1
JCH = 173, 
3
JCH = 4.7 Hz, 6-C), 136.19 (s, 
2-C), 127.93 (d, 4-C), 121.96 (d, 
1
JCH = 162 Hz, 3-C), 105.34 (dp, 
1
JCH = 171, 
3
JCH = 7 Hz, η 
5
-C5H5A), 102.77 (dtd, 
1
JCH = 164, 
3
JCH = 6, 2 Hz, 5-C), 101.08 (dp, 
1
JCH  = 171, 
3
JCH  = 7 Hz, 
η 
5
-C5H5B), 93.29 (dd, 
1
JCH = 152, 
3
JCH = 6 Hz, 7-C), 64.89 (dd, 
1
JCH = 129, 
3
JCH = 6 Hz, 8-C), 
22.17 (qdd, 
1
JCH = 124.6, 
3





22 (130 mg, 0.43 mmol) was dissolved in dry 2,6-lutidine (0.74 mL, 6.43 mmol). The 
mixture was heated to 45 °C in cyclohexane for 3 days to give a brown solution and a brown 
precipitate. After removing the volatiles, the solid (30) was washed with pentane. Attemps to 
crystallize for purification this solid from toluene/pentane at 40 °C failed.  This solid is air, 
moisture and temperature sensitive. 
1
H NMR (400 MHz, benzene-d6, 298 K) δ 6.80 (t, 1H, 
3
JHH = 7.7 Hz, 4-H), 6.25 (d, 
1H, 
3
JHH  = 8.1 Hz, 5-H), 6.04 (d, 1H, 
3
JHH  = 7.3 Hz, 3-H), 5.52 (s, 10H, η 
5
-C5H5), 2.02 (s, 
3H, CH3), 1.66 (s, 2H, CH2), 1.03 (d, 
3
JHH = 9.3 Hz, 2H, c-C3H4 ), 0.53 (d, 
3
JHH = 7.5 Hz, 
2H, c-C3H4 ’), 0.52 (pseudoq, 1H, 
3
JHH = 9.2 Hz, c-C3H4 ) ppm. 
13
C NMR (100.62 MHz, 
benzene-d6, 298 K) 137.45 (C-4), 115.88 (C-5), 113.25 (C-3) 109.28 (η 
5
-C5H5), 37.82 (CH2), 








22 (130 mg, 0.43 mmol) was dissolved in distilled 3,4-lutidine (0.72 mL, 6.42 mmol). 
The mixture was heated to 45°C in cyclohexane for 3 days to give a purple solution. Volatiles 




were pumped-off under vacuum. Recrystallization from ether/pentane at 40°C gave a purple 
solid (mixture of isomers 31a and 31b, 74 mg, 20%). This product was stored at 40 °C to 
avoid decomposition. 
Characterization of 31a: 
 
1
H NMR (500 MHz, benzene-d6, 298 K) δ 6.36 (d, 1H, 
3
JHH = 7.1 Hz, 6-H), 5.91 (s, 
10H, η 
5
-C5H5), 5.80 (s, 6H, η 
5
-C5H5), 5.38 (br, 1H, 2-H), 4.34 (d, 1H, 
3
JHH = 7.1 Hz, 5-H), 
2.14 (ddd, 1H, 
3
JHH = 7.8, 6.3, 3.4 Hz, c-C3H4 ’’), 1.76 (m, 3H, 4-CH3), 1.74 (m, 3H, 3-CH3), 
1.47 (m, 1H, c-C3H4 ), 1.05 (ddd, 1H, JHH = 10.1, 7.0, 3.3 Hz, c-C3H4 ’), 0.17 (dt, 1H, JHH = 




H} NMR (126 MHz, benzene-d6, 298 K) δ 140.45 (d, JCH 
= 167 Hz 6-C) , 124.05 (s, 4-C), 123.38 (s, 3-C), 111.35 (dp, JCH = 172, 7 Hz η 
5
-C5H5), 
110.10 (dp, JCH = 172, 7 Hz η 
5
-C5H5), 96.64 (d, JCH = 160 Hz, 5-C-pyridine), 62.44 (2-C-
pyridine), 42.87 (d, JCH = 120 Hz, 7-C) , 41.55 (d, JCH = 107 Hz, 9-C) , 17.85 (4-CH3-
pyridine), 15.31 (3-CH3-pyridine), 14.98 (d, JCH = 120 Hz 8-C) ppm. 
 
Characterization of 31b 
 
1
H NMR (500 MHz, benzene-d6, 298 K) δ 6.12 (s, 1H, 2-H), 5.91 (s, 10H, η
5
-C5H5), 
5.80 (s, 10H, η5-C5H5), 5.30 (br, 1H,
4
JHH = 2.0 Hz, 6-H), 4.98 (s, 1H, 3-H), 1.83 (m, 1H, c-
C3H4 ’’), 1.82 (m, 3H, 3-CH3), 1.79 (t, 3H, 
4
JHH = 1.7 Hz, 4-CH3), 1.46 (m, 4H, c-C3H4 ), 
1.16 (td, 1H, JHH = 7.0, 3.6 Hz, c-C3H4 ’), 0.34 (dt, 1H, JHH = 10.0, 8.6 Hz, c-C3H4 ) ppm. 





Synthesis of [Cp2ZrF{(2-C5F4N)-c-C3H4}] (32) 
 
22 (100 mg, 0.33 mmol) was dissolved in 10 mL of cyclohexane and 
pentafluoropyridine (0.40 mL, 3.6 mmol) was added. The mixture was heated at 45°C for 5 
days to give a dark yellow solution. The solvent was removed under reduced pressure and the 
residue was extracted with toluene. After evaporation of the solvent, 32 was obtained as a 
beige solid (86 mg, 0.200 mmol, 61 %). This product was stored at 40 °C to avoid 
decomposition.  C18H14NF5Zr: C 50.21; H 3.25, N 3.25. Found: C 50.28; H 3.30, N 3.10. 
1
H NMR (500.1 MHz, toluene-d8, 223 K)  5.82 (s, 5 H, η 
5
-C5H5 B, 5.79 (s, 5 H, η 
5
-
C5H5 A), 2.42 (m, 1 H, c-C3H5 β’’), 1.66 (m, 1H, JHH = 9.72 Hz, c-C3H5 β), 1.53 (m, 1H, JHH 
= 7.61 Hz, c-C3H4D β’), 0.09 (q, 1H, JHH = 10.06 Hz, c-C3H5 ) ppm. 
19
F NMR. (376 MHz, 
toluene-d8, 233 K)  61.03 (s, 1F, Zr-F), 86.59 (td, 1F, JFF = 27.5, 14.9 Hz, 5-F), 142.09 
(dd, 1F, JFF = 20.3, 15.3 Hz, 4-F), 151.48 (dd, 1F, JFF = 26.9, 20.5, 1.5 Hz, 3-F), 163.08 
(dd, 1F, JFF = 27.6, 19.9 Hz, 6-F) ppm. 
13
C NMR (100.6 MHz, toluene-d8, 223 K) 146.81 
(td, JCF = 15,  6 Hz, 2-C), 146.50 (dd, JCF = 232, 10.05 Hz, 6-C), 145.98 (d, JCF =  266 Hz, 5-
C), 144.92 (d, JCF =  253 Hz, 4-C), 112.56 (dp, JCH =  173 , JCF = 7 Hz, η 
5
-C5H5A), 112.13 
(dp, JCH = 173, JCF = 7 Hz, η 
5
-C5H5B), 131.58 (ddd, JCF =  263, 36, 12 Hz, 3-C), 37.77 (d, 
JCH = 129 Hz, 8-C), 21.00 (d, 7-C), 20.54 (t, 9-C) ppm. 
  









Conclusion and perspectives 
In the first part of this manuscript, we have presented the synthesis and 





ligands (R = aromatic or fluorinated aliphatic moieties). 





 ligands by changing the R groups, we first selected the fluorinated ligand more 





found that while (F12-Tp
4Bo,3Ph
)







 does not bind Ca
2+








 allowed the synthesis of several heteroleptic amido complexes with 
the formula [(F12-Tp
4Bo,3Ph
)Ae{N(SiMe2R)2}(THF)x] where Ae = Ca, Sr; R = H, Me, x = 0, 1. 
Many of these complexes have original structures. Some of these complexes were used as 
precatalysts in the cyclohydroamination reaction. Remarkably, the complex [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] showed to be one of the most active alkaline-earth complexes 
reported to date for this reaction. 





)Ca(C≡CPh)], providing new 
insights into organocalcium chemistry. 




 ligand may 
provide heteroleptic calcium complexes stable towards ligand redistribution. Perspectives are 
mainly focused on the obtention of other heteroleptic calcium alkyl complexes. 
Organocalcium complexes are interesting from the structural point of view. They often 
present additional interactions of different nature. The group has a particular interest in CC 
agostic interactions, which are unprecedent for Ca. However we also have delineated intrinsic 
limits to the use of these ligands where synthetic difficulties and B-N bond cleavage reactions 
have been observed. For this reason, other fluorinated bulky ligands could be also envisaged. 
In the second part of this manuscript we have studied the reactivity of [Cp2Zr(c-
C3H5)2], or more specifically the 
2





towards several heteroaromatic derivatives. Selective CH bond activation by 1,3-CH 
addition was observed exclusively for furan and thiophene. Pyridine reacted to give a 
dearomatization product by oxidative coupling. No CH bond activation was observed. 
Substituted pyridines either showed dearomatization or non-selective reactivities. Finally, 
CF bond activation was observed for pentafluoropyridine. The perspectives on this topic are 
mainly the activation of other fluorinated substrates and a deeper knowledge of the 
mechanism of CF bond activation by zirconium complexes. 
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Table 3. Crystal data and structure refinement for 3 
Empirical formula C78 H32 B2 Ca F24 N12, C8 H18 O2 
Formula weight 1801.08 
Temperature 180(2) K 
Wavelength 0.71073 A 
Crystal system, space group        Monoclinic, P 1 21/n 1 
Unit cell dimensions             a = 12.6950(5) A   alpha = 90 deg. 
 b = 18.0160(10) A    beta = 101.987(6) deg. 
 c = 17.448(2) A   gamma = 90 deg. 
Volume 3903.6(5) A^3 
Z, Calculated density              2, 1.532 Mg/m^3 
Absorption coefficient             0.198 mm^-1 
F(000)                             1824 
Crystal size 0.18 x 0.1 x 0.05 mm 
Theta range for data collection    3.28 to 29.34 deg. 
Limiting indices                   -17<=h<=15, -24<=k<=23, -22<=l<=23 
Reflections collected / unique     34745 / 9405 [R(int) = 0.0401] 
Completeness to theta = 29.34      87.6 % 
Absorption correction              Semi-empirical from equivalents 
Max. and min. transmission         0.9981 and 0.8648 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     9405 / 0 / 622 
Goodness-of-fit on F^2             1.019 
Final R indices [I>2sigma(I)]   R1 = 0.0454, wR2 = 0.0895 
R indices (all data)               R1 = 0.0834, wR2 = 0.1042 
Largest diff. peak and hole        0.241 and -0.263 e.A^-3 
 
Table 4. Bond lengths [Å] for 3 
            C(1)-C(2)                     1.385(3) 
            C(1)-C(6)                     1.388(3) 
            C(1)-C(7)                     1.479(3) 
            C(2)-C(3)                     1.387(3) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.368(4) 
            C(3)-H(3)                     0.9500 
            C(4)-C(5)                     1.373(4) 
            C(44)-H(44)                   0.9500 
            C(45)-C(46)                   1.385(3) 
            C(45)-H(45)                   0.9500 
            C(46)-H(46)                   0.9500 
            C(47)-N(5)                    1.331(2) 
            C(47)-C(48)                   1.428(2) 
            C(48)-C(53)                   1.404(3) 





            C(4)-H(4)                     0.9500 
            C(5)-C(6)                     1.388(3) 
            C(5)-H(5)                     0.9500 
            C(6)-H(6)                     0.9500 
            C(7)-N(2)                     1.357(2) 
            C(7)-C(8)                     1.404(3) 
            C(8)-C(13)                    1.410(2) 
            C(8)-C(9)                     1.418(2) 
            C(9)-N(1)                     1.351(2) 
            C(9)-C(10)                    1.404(2) 
            C(10)-F(10)                   1.349(2) 
            C(10)-C(11)                   1.353(3) 
            C(11)-F(11)                   1.346(2) 
            C(11)-C(12)                   1.412(3) 
            C(12)-F(12)                   1.347(2) 
            C(12)-C(13)                   1.351(3) 
            C(13)-F(13)                   1.347(2) 
            C(21)-C(26)                   1.391(3) 
            C(21)-C(22)                   1.398(3) 
            C(21)-C(27)                   1.471(3) 
            C(22)-C(23)                   1.385(3) 
            C(22)-H(22)                   0.9500 
            C(23)-C(24)                   1.379(3) 
            C(23)-H(23)                   0.9500 
            C(24)-C(25)                   1.378(3) 
            C(24)-H(24)                   0.9500 
            C(25)-C(26)                   1.381(3) 
            C(25)-H(25)                   0.9500 
            C(26)-H(26)                   0.9500 
            C(27)-N(3)                    1.334(2) 
            C(27)-C(28)                   1.425(3) 
            C(28)-C(29)                   1.407(3) 
            C(28)-C(33)                   1.407(3) 
            C(29)-F(29)                   1.344(2) 
            C(29)-C(30)                   1.356(3) 
            C(30)-F(30)                   1.345(2) 
            C(30)-C(31)                   1.398(3) 
            C(31)-F(31)                   1.348(2) 
            C(31)-C(32)                   1.363(3) 
            C(32)-F(32)                   1.347(2) 
            C(32)-C(33)                   1.407(3) 
            C(33)-N(4)                    1.368(2) 
            C(41)-C(42)                   1.392(3) 
            C(41)-C(46)                   1.398(3) 
            C(41)-C(47)                   1.481(2) 
            C(42)-C(43)                   1.389(3) 
            C(42)-H(42)                   0.9500 
            C(43)-C(44)                   1.382(3) 
            C(43)-H(43)                   0.9500 
            C(44)-C(45)                   1.381(3) 
 
            C(49)-N(6)                    1.366(2) 
            C(49)-C(50)                   1.407(3) 
            C(50)-F(50)                   1.337(2) 
            C(50)-C(51)                   1.365(3) 
            C(51)-F(51)                   1.345(2) 
            C(51)-C(52)                   1.396(3) 
            C(52)-F(52)                   1.350(2) 
            C(52)-C(53)                   1.358(3) 
            C(53)-F(53)                   1.339(2) 
            N(1)-N(2)                     1.3740(19) 
            N(1)-Ca(1)                    2.4328(14) 
            N(2)-B(1)                     1.556(3) 
            N(3)-N(4)                     1.379(2) 
            N(3)-Ca(1)                    2.5252(14) 
            N(4)-B(1)                     1.547(2) 
            N(5)-N(6)                     1.3837(19) 
            N(5)-Ca(1)                    2.5311(14) 
            N(6)-B(1)                     1.556(3) 
            Ca(1)-N(1)#1                  2.4328(14) 
            Ca(1)-N(3)#1                  2.5252(14) 
            Ca(1)-N(5)#1                  2.5311(14) 
            B(1)-H(1)                     1.0000 
            O(1)-C(63)                    1.401(8) 
            O(1)-C(64)                    1.428(14) 
            C(61)-C(62)                   1.497(14) 
            C(61)-C(64)                   1.594(13) 
            C(61)-H(61A)                  0.9900 
            C(61)-H(61B)                  0.9900 
            C(62)-C(63)                   1.548(9) 
            C(62)-H(62A)                  0.9900 
            C(62)-H(62B)                  0.9900 
            C(63)-H(63A)                  0.9900 
            C(63)-H(63B)                  0.9900 
            C(64)-H(64A)                  0.9900 
            C(64)-H(64B)                  0.9900 
            O(2)-C(73)                    1.379(17) 
            O(2)-C(71)                    1.512(12) 
            C(71)-C(72)                   1.463(15) 
            C(71)-H(71A)                  0.9900 
            C(71)-H(71B)                  0.9900 
            C(72)-H(72A)                  0.9800 
            C(72)-H(72B)                  0.9800 
            C(72)-H(72C)                  0.9800 
            C(73)-C(74)                   1.656(19) 
            C(73)-H(73A)                  0.9900 
            C(73)-H(73B)                  0.9900 
            C(74)-H(74A)                  0.9800 
            C(74)-H(74B)                  0.9800 




Table 5. Angles [°] for 3 
            C(2)-C(1)-C(6)              119.84(19) 
            C(2)-C(1)-C(7)              119.44(18) 
            C(6)-C(1)-C(7)              120.72(18) 
            C(1)-C(2)-C(3)              119.8(2) 
            C(1)-C(2)-H(2)              120.1 
            C(3)-C(2)-H(2)              120.1 
            C(4)-C(3)-C(2)              120.2(3) 
            C(4)-C(3)-H(3)              119.9 
            C(2)-C(3)-H(3)              119.9 
            C(3)-C(4)-C(5)              120.5(2) 
            C(3)-C(4)-H(4)              119.8 
            C(5)-C(4)-H(4)              119.8 
            C(4)-C(5)-C(6)              120.2(2) 
            C(4)-C(5)-H(5)              119.9 
            C(6)-C(5)-H(5)              119.9 
            C(1)-C(6)-C(5)              119.5(2) 
            C(1)-C(6)-H(6)              120.2 
            C(5)-C(6)-H(6)              120.2 
            N(2)-C(7)-C(8)              107.01(15) 
            N(2)-C(7)-C(1)              123.29(16) 
            C(8)-C(7)-C(1)              129.69(16) 
            C(7)-C(8)-C(13)             135.79(17) 
            C(7)-C(8)-C(9)              104.63(15) 
            C(13)-C(8)-C(9)             119.54(17) 
            N(1)-C(9)-C(10)             128.89(16) 
            N(1)-C(9)-C(8)              111.31(15) 
            C(10)-C(9)-C(8)             119.78(16) 
            N(6)-C(49)-C(48)            108.18(15) 
            C(50)-C(49)-C(48)           120.36(17) 
            F(50)-C(50)-C(51)           119.18(18) 
            F(50)-C(50)-C(49)           122.90(18) 
            C(51)-C(50)-C(49)           117.88(19) 
            F(51)-C(51)-C(50)           119.6(2) 
            F(51)-C(51)-C(52)           118.4(2) 
            C(50)-C(51)-C(52)           122.01(19) 
            F(52)-C(52)-C(53)           121.0(2) 
            F(52)-C(52)-C(51)           118.1(2) 
            C(53)-C(52)-C(51)           120.90(19) 
            F(53)-C(53)-C(52)           119.55(18) 
            F(53)-C(53)-C(48)           121.39(18) 
            C(52)-C(53)-C(48)           119.06(19) 
            C(9)-N(1)-N(2)              104.87(13) 
            C(9)-N(1)-Ca(1)             136.22(11) 
            N(2)-N(1)-Ca(1)             118.46(10) 
            C(7)-N(2)-N(1)              112.16(14) 
            C(7)-N(2)-B(1)              126.09(15) 
            N(1)-N(2)-B(1)              121.12(13) 
            C(27)-N(3)-N(4)             108.88(14) 
            C(27)-N(3)-Ca(1)            130.81(12) 
            N(4)-N(3)-Ca(1)             115.23(10) 
            C(33)-N(4)-N(3)             108.51(14) 
            C(33)-N(4)-B(1)             127.65(15) 
            N(3)-N(4)-B(1)              122.89(13) 
            C(47)-N(5)-N(6)             108.60(14) 




            F(10)-C(10)-C(11)           120.12(16) 
            F(10)-C(10)-C(9)            120.95(15) 
            C(11)-C(10)-C(9)            118.93(17) 
            F(11)-C(11)-C(10)           119.98(18) 
            F(11)-C(11)-C(12)           118.37(17) 
            C(10)-C(11)-C(12)           121.65(17) 
            F(12)-C(12)-C(13)           121.64(18) 
            F(12)-C(12)-C(11)           117.74(18) 
            C(13)-C(12)-C(11)           120.62(17) 
            F(13)-C(13)-C(12)           120.02(17) 
            F(13)-C(13)-C(8)            120.55(17) 
            C(12)-C(13)-C(8)            119.43(18) 
            C(26)-C(21)-C(22)           118.65(19) 
            C(26)-C(21)-C(27)           120.59(17) 
            C(22)-C(21)-C(27)           120.66(17) 
            C(23)-C(22)-C(21)           120.2(2) 
            C(23)-C(22)-H(22)           119.9 
            C(21)-C(22)-H(22)           119.9 
            C(24)-C(23)-C(22)           120.2(2) 
            C(24)-C(23)-H(23)           119.9 
            C(22)-C(23)-H(23)           119.9 
            C(25)-C(24)-C(23)           120.0(2) 
            C(25)-C(24)-H(24)           120.0 
            C(23)-C(24)-H(24)           120.0 
            C(24)-C(25)-C(26)           120.2(2) 
            C(24)-C(25)-H(25)           119.9 
            C(26)-C(25)-H(25)           119.9 
            C(25)-C(26)-C(21)           120.6(2) 
            C(25)-C(26)-H(26)           119.7 
            C(21)-C(26)-H(26)           119.7 
            N(3)-C(27)-C(28)            109.28(16) 
            N(3)-C(27)-C(21)            121.08(16) 
            C(28)-C(27)-C(21)           129.49(16) 
            C(29)-C(28)-C(33)           119.95(18) 
            C(29)-C(28)-C(27)           135.11(19) 
            C(33)-C(28)-C(27)           104.91(15) 
            F(29)-C(29)-C(30)           119.37(18) 
            F(29)-C(29)-C(28)           121.28(19) 
            C(30)-C(29)-C(28)           119.3(2) 
            F(30)-C(30)-C(29)           121.0(2) 
            F(30)-C(30)-C(31)           118.4(2) 
            C(29)-C(30)-C(31)           120.53(19) 
            F(31)-C(31)-C(32)           119.6(2) 
            F(31)-C(31)-C(30)           118.5(2) 
            C(32)-C(31)-C(30)           121.9(2) 
            F(32)-C(32)-C(31)           118.74(19) 
            F(32)-C(32)-C(33)           122.71(18) 
            C(31)-C(32)-C(33)           118.5(2) 
            N(4)-C(33)-C(28)            108.41(16) 
            N(4)-C(33)-C(32)            131.92(18) 
            C(28)-C(33)-C(32)           119.68(17) 
            C(42)-C(41)-C(46)           118.66(17) 
            C(42)-C(41)-C(47)           122.59(16) 
            C(46)-C(41)-C(47)           118.74(16) 
            C(43)-C(42)-C(41)           120.52(18) 
            C(43)-C(42)-H(42)           119.7 
            C(41)-C(42)-H(42)           119.7 
            C(44)-C(43)-C(42)           120.22(19) 
            C(44)-C(43)-H(43)           119.9 
            C(42)-C(43)-H(43)           119.9 
            C(45)-C(44)-C(43)           119.79(19) 
            C(45)-C(44)-H(44)           120.1 
            C(43)-C(44)-H(44)           120.1 
            C(44)-C(45)-C(46)           120.38(19) 
            C(44)-C(45)-H(45)           119.8 
            C(46)-C(45)-H(45)           119.8 
            C(45)-C(46)-C(41)           120.42(18) 
            C(45)-C(46)-H(46)           119.8 
            C(41)-C(46)-H(46)           119.8 
            N(5)-C(47)-C(48)            109.36(15) 
            N(5)-C(47)-C(41)            123.01(16) 
            C(48)-C(47)-C(41)           127.55(16) 
            C(53)-C(48)-C(49)           119.78(17) 
            C(53)-C(48)-C(47)           135.16(18) 
            C(49)-C(48)-C(47)           105.00(15) 
            N(6)-C(49)-C(50)            131.39(18) 
 
            C(47)-N(5)-Ca(1)            137.17(11) 
            N(6)-N(5)-Ca(1)             111.49(10) 
            C(49)-N(6)-N(5)             108.83(14) 
            C(49)-N(6)-B(1)             126.50(15) 
            N(5)-N(6)-B(1)              122.38(14) 
            N(1)-Ca(1)-N(1)#1           180.0 
            N(1)-Ca(1)-N(3)              80.34(5) 
            N(1)#1-Ca(1)-N(3)            99.66(5) 
            N(1)-Ca(1)-N(3)#1            99.66(5) 
            N(1)#1-Ca(1)-N(3)#1          80.34(5) 
            N(3)-Ca(1)-N(3)#1           180.0 
            N(1)-Ca(1)-N(5)              83.50(5) 
            N(1)#1-Ca(1)-N(5)            96.50(5) 
            N(3)-Ca(1)-N(5)              74.72(5) 
            N(3)#1-Ca(1)-N(5)           105.28(5) 
            N(1)-Ca(1)-N(5)#1            96.50(5) 
            N(1)#1-Ca(1)-N(5)#1          83.50(5) 
            N(3)-Ca(1)-N(5)#1           105.28(5) 
            N(3)#1-Ca(1)-N(5)#1          74.72(5) 
            N(5)-Ca(1)-N(5)#1           180.0 
            N(4)-B(1)-N(2)              111.83(15) 
            N(4)-B(1)-N(6)              109.70(14) 
            N(2)-B(1)-N(6)              110.64(14) 
            N(4)-B(1)-H(1)              108.2 
            N(2)-B(1)-H(1)              108.2 
            N(6)-B(1)-H(1)              108.2 
            C(63)-O(1)-C(64)            104.0(7) 
            C(62)-C(61)-C(64)           106.8(7) 
            C(62)-C(61)-H(61A)          110.4 
            C(64)-C(61)-H(61A)          110.4 
            C(62)-C(61)-H(61B)          110.4 
            C(64)-C(61)-H(61B)          110.4 
            H(61A)-C(61)-H(61B)         108.6 
            C(61)-C(62)-C(63)           100.0(6) 
            C(61)-C(62)-H(62A)          111.8 
            C(63)-C(62)-H(62A)          111.8 
            C(61)-C(62)-H(62B)          111.8 
            C(63)-C(62)-H(62B)          111.8 
            H(62A)-C(62)-H(62B)         109.5 
            O(1)-C(63)-C(62)            112.0(6) 
            O(1)-C(63)-H(63A)           109.2 
            C(62)-C(63)-H(63A)          109.2 
            O(1)-C(63)-H(63B)           109.2 
            C(62)-C(63)-H(63B)          109.2 
            H(63A)-C(63)-H(63B)         107.9 
            O(1)-C(64)-C(61)            103.7(9) 
            O(1)-C(64)-H(64A)           111.0 
            C(61)-C(64)-H(64A)          111.0 
            O(1)-C(64)-H(64B)           111.0 
            C(61)-C(64)-H(64B)          111.0 
            H(64A)-C(64)-H(64B)         109.0 
            C(73)-O(2)-C(71)            101.5(10) 
            C(72)-C(71)-O(2)             96.8(8) 
            C(72)-C(71)-H(71A)          112.4 
            O(2)-C(71)-H(71A)           112.4 
            C(72)-C(71)-H(71B)          112.4 
            O(2)-C(71)-H(71B)           112.4 
            H(71A)-C(71)-H(71B)         110.0 
            C(71)-C(72)-H(72A)          109.5 
            C(71)-C(72)-H(72B)          109.5 
            H(72A)-C(72)-H(72B)         109.5 
            C(71)-C(72)-H(72C)          109.5 
            H(72A)-C(72)-H(72C)         109.5 
            H(72B)-C(72)-H(72C)         109.5 
            O(2)-C(73)-C(74)            102.6(10) 
            O(2)-C(73)-H(73A)           111.3 
            C(74)-C(73)-H(73A)          111.3 
            O(2)-C(73)-H(73B)           111.3 
            C(74)-C(73)-H(73B)          111.3 
            H(73A)-C(73)-H(73B)         109.2 
            C(73)-C(74)-H(74A)          109.5 
            C(73)-C(74)-H(74B)          109.5 
            H(74A)-C(74)-H(74B)         109.5 
            C(73)-C(74)-H(74C)          109.5 
            H(74A)-C(74)-H(74C)         109.5 







Table 6. Crystal data and structure refinement for 4 
Empirical formula              4(C24 B F21 N6), 2(C24 H48 Ca O6), 3(C6 H12) 
Formula weight                     4326.32 
Temperature 180(2) K 
Wavelength 1.54184 A 
Crystal system, space group        TRIGONAL, R -3 c 
Unit cell dimensions               a = 19.6190(5) A   alpha = 90 deg. 
 b = 19.6190(5) A    beta = 90 deg. 
 c = 81.338(3) A   gamma = 120 deg. 
Volume 27112.9(14) A^3 
Z, Calculated density              6, 1.590 Mg/m^3 
Absorption coefficient             1.926 mm^-1 
F(000)                             13104 
Crystal size                       0.15 x 0.12 x 0.05 mm 
Theta range for data collection    3.39 to 40.82 deg. 
Limiting indices                   -16<=h<=15, -16<=k<=16, -68<=l<=63 
Reflections collected / unique     16169 / 1902 [R(int) = 0.0355] 
Completeness to theta = 40.82      98.4 % 
Absorption correction              Semi-empirical from equivalents 
Max. and min. transmission         0.8782 and 0.6532 
Refinement method    Full-matrix least-squares on F^2 
Data / restraints / parameters     1902 / 1 / 434 
Goodness-of-fit on F^2             1.025 
Final R indices [I>2sigma(I)]      R1 = 0.0527, wR2 = 0.1340 
R indices (all data)               R1 = 0.0664, wR2 = 0.1472 
Largest diff. peak and hole        0.491 and -0.273 e.A^-3 
 
Table 7. Bond lengths [Å] for 4 
 
            C(1)-C(6)                     1.344(11) 
            C(1)-F(1)                     1.347(9) 
            C(1)-C(2)                     1.388(11) 
            C(2)-C(3)                     1.388(9) 
            C(2)-C(7)                     1.401(10) 
            C(3)-N(2)                     1.374(9) 
            C(3)-C(4)                     1.399(10) 
            C(4)-F(4)                     1.340(9) 
            C(4)-C(5)                     1.361(11) 
            C(5)-F(5)                     1.353(9) 
            C(5)-C(6)                     1.381(12) 
            C(6)-F(6)                     1.354(10) 
            C(7)-N(1)                     1.330(8) 
 
            C(54)-H(54B)                  0.9900 
            C(55)-H(55A)                  0.9900 
            C(55)-H(55B)                  0.9900 
            O(2)-C(57)                    1.441(9) 
            O(2)-C(60)                    1.452(8) 
            O(2)-Ca(1)                    2.339(4) 
            C(57)-C(58)                   1.470(11) 
            C(57)-H(57A)                  0.9900 
            C(57)-H(57B)                  0.9900 
            C(58)-C(59)                   1.437(12) 
            C(58)-H(58A)                  0.9900 
            C(58)-H(58B)                  0.9900 
            C(59)-C(60)                   1.442(11) 




            C(7)-C(8)                     1.438(12) 
            C(8)-F(10)                    1.256(10) 
            C(8)-F(9)                     1.293(10) 
            C(8)-F(8)                     1.363(11) 
            C(21)-N(3)                    1.317(9) 
            C(21)-C(22)                   1.399(11) 
            C(21)-C(28)                   1.459(12) 
            C(22)-C(27)                   1.380(13) 
            C(22)-C(23)                   1.391(10) 
            C(23)-N(4)                    1.348(10) 
            C(23)-C(24)                   1.392(12) 
            C(24)-F(24)                   1.347(10) 
            C(24)-C(25)                   1.357(11) 
            C(25)-F(25)                   1.343(9) 
            C(25)-C(26)                   1.382(12) 
            C(26)-F(26)                   1.373(9) 
            C(26)-C(27)                   1.375(12) 
            C(28)-F(13)                   1.296(10) 
            C(28)-F(11)                   1.302(10) 
            C(28)-F(12)                   1.313(10) 
            O(1)-C(55)                    1.444(8) 
            O(1)-C(52)                    1.444(8) 
            O(1)-Ca(1)                    2.337(4) 
            C(52)-C(53)                   1.496(10) 
            C(52)-H(52A)                  0.9900 
            C(52)-H(52B)                  0.9900 
            C(53)-C(54)                   1.453(10) 
            C(53)-H(53A)                  0.9900 
            C(53)-H(53B)                  0.9900 
            C(54)-C(55)                   1.452(10) 
            C(54)-H(54A)                  0.9900 
 
            C(59)-H(59A)                  0.9900 
            C(59)-H(59B)                  0.9900 
            C(60)-H(60A)                  0.9900 
            C(60)-H(60B)                  0.9900 
            N(1)-N(2)                     1.364(7) 
            N(2)-B(1)                     1.546(8) 
            N(3)-N(4)                     1.360(7) 
            N(4)-B(2)                     1.543(9) 
            Ca(1)-O(1)#1                  2.337(4) 
            Ca(1)-O(1)#2                  2.337(4) 
            Ca(1)-O(2)#2                  2.339(4) 
            Ca(1)-O(2)#1                  2.339(4) 
            B(1)-N(2)#3                   1.546(8) 
            B(1)-N(2)#4                   1.546(8) 
            B(2)-N(4)#5                   1.543(9) 
            B(2)-N(4)#6                   1.543(9) 
            F(27)-C(27)                   1.375(10) 
            C(100)-C(101)#7               1.441(17) 
            C(100)-C(101)                 1.441(17) 
            C(100)-H(10A)                 0.9900 
            C(100)-H(10B)                 0.9900 
            C(101)-C(103)                 1.22(2) 
            C(101)-H(10C)                 0.9900 
            C(101)-H(10D)                 0.9900 
            C(104)-C(103)#7               1.278(15) 
            C(104)-C(103)                 1.278(15) 
            C(104)-H(10E)                 0.9900 
            C(104)-H(10F)                 0.9900 
            C(103)-H(10G)                 0.9900 




Table 8. Angles [°] for 4 
 
            C(6)-C(1)-F(1)              116.7(13) 
            C(6)-C(1)-C(2)              119.7(9) 
            F(1)-C(1)-C(2)              123.6(13) 
            C(3)-C(2)-C(1)              119.5(11) 
            C(3)-C(2)-C(7)              105.7(9) 
            C(1)-C(2)-C(7)              134.9(14) 
            N(2)-C(3)-C(2)              106.9(9) 
            N(2)-C(3)-C(4)              132.8(11) 
            C(2)-C(3)-C(4)              120.3(10) 
            F(4)-C(4)-C(5)              121.7(12) 
            F(4)-C(4)-C(3)              119.9(11) 
            C(5)-C(4)-C(3)              118.4(8) 
            F(5)-C(5)-C(4)              116.6(13) 
            F(5)-C(5)-C(6)              122.5(13) 
            C(4)-C(5)-C(6)              120.9(8) 
            C(1)-C(6)-F(6)              124.0(13) 
            C(1)-C(6)-C(5)              121.2(9) 
            F(6)-C(6)-C(5)              114.8(14) 
            N(1)-C(7)-C(2)              110.5(8) 
            N(1)-C(7)-C(8)              117.7(11) 
            C(2)-C(7)-C(8)              131.8(12) 
            F(10)-C(8)-F(9)             108.8(10) 
            F(10)-C(8)-F(8)             103.7(9) 
            F(9)-C(8)-F(8)               98.2(9) 
            F(10)-C(8)-C(7)             118.5(9) 
            F(9)-C(8)-C(7)              115.7(9) 
            F(8)-C(8)-C(7)              109.3(10) 
            N(3)-C(21)-C(22)            107.9(9) 
            N(3)-C(21)-C(28)            120.7(11) 
            C(22)-C(21)-C(28)           131.4(13) 
            C(27)-C(22)-C(23)           119.8(11) 
            C(27)-C(22)-C(21)           133.0(15) 
            C(23)-C(22)-C(21)           107.2(10) 
            N(4)-C(23)-C(22)            106.2(10) 
            N(4)-C(23)-C(24)            134.9(12) 
            C(22)-C(23)-C(24)           119.0(11) 
            F(24)-C(24)-C(25)           119.2(14) 
            F(24)-C(24)-C(23)           119.9(13) 
            C(25)-C(24)-C(23)           121.0(9) 
            F(25)-C(25)-C(24)           120.6(15) 
            F(25)-C(25)-C(26)           119.6(15) 
            C(24)-C(25)-C(26)           119.8(9) 
            F(26)-C(26)-C(27)           122.7(16) 
            F(26)-C(26)-C(25)           116.9(15) 
            O(2)-C(57)-C(58)            106.8(7) 
            O(2)-C(57)-H(57A)           110.4 
            C(58)-C(57)-H(57A)          110.4 
            O(2)-C(57)-H(57B)           110.4 
            C(58)-C(57)-H(57B)          110.4 
            H(57A)-C(57)-H(57B)         108.6 
            C(59)-C(58)-C(57)           104.5(8) 
            C(59)-C(58)-H(58A)          110.9 
            C(57)-C(58)-H(58A)          110.9 
            C(59)-C(58)-H(58B)          110.9 
            C(57)-C(58)-H(58B)          110.9 
            H(58A)-C(58)-H(58B)         108.9 
            C(58)-C(59)-C(60)           108.1(8) 
            C(58)-C(59)-H(59A)          110.1 
            C(60)-C(59)-H(59A)          110.1 
            C(58)-C(59)-H(59B)          110.1 
            C(60)-C(59)-H(59B)          110.1 
            H(59A)-C(59)-H(59B)         108.4 
            C(59)-C(60)-O(2)            107.2(7) 
            C(59)-C(60)-H(60A)          110.3 
            O(2)-C(60)-H(60A)           110.3 
            C(59)-C(60)-H(60B)          110.3 
            O(2)-C(60)-H(60B)           110.3 
            H(60A)-C(60)-H(60B)         108.5 
            C(7)-N(1)-N(2)              106.9(6) 
            N(1)-N(2)-C(3)              110.0(6) 
            N(1)-N(2)-B(1)              124.9(9) 
            C(3)-N(2)-B(1)              124.0(9) 
            C(21)-N(3)-N(4)             109.0(7) 
            C(23)-N(4)-N(3)             109.8(6) 
            C(23)-N(4)-B(2)             126.7(10) 
            N(3)-N(4)-B(2)              122.6(9) 
            O(1)#1-Ca(1)-O(1)            88.94(17) 
            O(1)#1-Ca(1)-O(1)#2          88.94(17) 
            O(1)-Ca(1)-O(1)#2            88.94(17) 
            O(1)#1-Ca(1)-O(2)#2          88.99(16) 
            O(1)-Ca(1)-O(2)#2           177.93(18) 
            O(1)#2-Ca(1)-O(2)#2          91.04(16) 
            O(1)#1-Ca(1)-O(2)#1          91.04(16) 
            O(1)-Ca(1)-O(2)#1            88.99(16) 
            O(1)#2-Ca(1)-O(2)#1         177.93(18) 
            O(2)#2-Ca(1)-O(2)#1          91.03(17) 
            O(1)#1-Ca(1)-O(2)           177.93(19) 





            C(27)-C(26)-C(25)           120.4(9) 
            F(13)-C(28)-F(11)           106.4(10) 
            F(13)-C(28)-F(12)           107.7(9) 
            F(11)-C(28)-F(12)           104.4(9) 
            F(13)-C(28)-C(21)           112.8(9) 
            F(11)-C(28)-C(21)           112.8(9) 
            F(12)-C(28)-C(21)           112.3(9) 
            C(55)-O(1)-C(52)            107.7(5) 
            C(55)-O(1)-Ca(1)            125.7(4) 
            C(52)-O(1)-Ca(1)            126.6(4) 
            O(1)-C(52)-C(53)            106.2(6) 
            O(1)-C(52)-H(52A)           110.5 
            C(53)-C(52)-H(52A)          110.5 
            O(1)-C(52)-H(52B)           110.5 
            C(53)-C(52)-H(52B)          110.5 
            H(52A)-C(52)-H(52B)         108.7 
            C(54)-C(53)-C(52)           105.6(6) 
            C(54)-C(53)-H(53A)          110.6 
            C(52)-C(53)-H(53A)          110.6 
            C(54)-C(53)-H(53B)          110.6 
            C(52)-C(53)-H(53B)          110.6 
            H(53A)-C(53)-H(53B)         108.7 
            C(55)-C(54)-C(53)           107.1(7) 
            C(55)-C(54)-H(54A)          110.3 
            C(53)-C(54)-H(54A)          110.3 
            C(55)-C(54)-H(54B)          110.3 
            C(53)-C(54)-H(54B)          110.3 
            H(54A)-C(54)-H(54B)         108.6 
            O(1)-C(55)-C(54)            108.7(6) 
            O(1)-C(55)-H(55A)           110.0 
            C(54)-C(55)-H(55A)          110.0 
            O(1)-C(55)-H(55B)           110.0 
            C(54)-C(55)-H(55B)          110.0 
            H(55A)-C(55)-H(55B)         108.3 
            C(57)-O(2)-C(60)            106.8(5) 
            C(57)-O(2)-Ca(1)            126.8(5) 
            C(60)-O(2)-Ca(1)            126.3(5) 
 
            O(1)#2-Ca(1)-O(2)            88.99(16) 
            O(2)#2-Ca(1)-O(2)            91.03(17) 
            O(2)#1-Ca(1)-O(2)            91.03(17) 
            N(2)-B(1)-N(2)#3            109.2(6) 
            N(2)-B(1)-N(2)#4            109.2(6) 
            N(2)#3-B(1)-N(2)#4          109.2(6) 
            N(4)-B(2)-N(4)#5            107.8(7) 
            N(4)-B(2)-N(4)#6            107.8(7) 
            N(4)#5-B(2)-N(4)#6          107.8(7) 
            F(27)-C(27)-C(26)           115.6(16) 
            F(27)-C(27)-C(22)           124.4(14) 
            C(26)-C(27)-C(22)           120.0(9) 
            C(101)#7-C(100)-C(101)      109(2) 
            C(101)#7-C(100)-H(10A)      109.8 
            C(101)-C(100)-H(10A)        109.8 
            C(101)#7-C(100)-H(10B)      109.8 
            C(101)-C(100)-H(10B)        109.8 
            H(10A)-C(100)-H(10B)        108.2 
            C(103)-C(101)-C(100)        109(2) 
            C(103)-C(101)-H(10C)        109.8 
            C(100)-C(101)-H(10C)        109.8 
            C(103)-C(101)-H(10D)        109.8 
            C(100)-C(101)-H(10D)        109.8 
            H(10C)-C(101)-H(10D)        108.3 
            C(103)#7-C(104)-C(103)      119(3) 
            C(103)#7-C(104)-H(10E)      107.4 
            C(103)-C(104)-H(10E)        107.4 
            C(103)#7-C(104)-H(10F)      107.4 
            C(103)-C(104)-H(10F)        107.4 
            H(10E)-C(104)-H(10F)        107.0 
            C(101)-C(103)-C(104)        111(3) 
            C(101)-C(103)-H(10G)        109.5 
            C(104)-C(103)-H(10G)        109.5 
            C(101)-C(103)-H(10H)        109.5 
            C(104)-C(103)-H(10H)        109.5 




Table 9. Crystal data and structure refinement for 11 
Empirical formula         C22 H76 Ca2 N5 O Si11, C16 H38 Ca N O6 Si2 
Formula weight                     1252.76 
Temperature 180(2) K 
Wavelength 0.71073 A 
Crystal system, space group        triclinic,  P -1 
Unit cell dimensions       a = 13.0350(5) A   alpha = 82.009(2) deg. 
 b = 15.8927(7) A    beta = 71.211(2) deg. 
 c = 19.5222(8) A   gamma = 89.689(2) deg. 
Volume     3788.2(3) A^3 
Z, Calculated density              2,  1.098 Mg/m^3 
Absorption coefficient             0.462 mm^-1 
F(000)                             1364 
Crystal size                       0.16 x 0.12 x 0.08 mm 
Theta range for data collection    1.11 to 25.35 deg. 




Limiting indices                   -15<=h<=12, -19<=k<=18, -23<=l<=20 
Reflections collected / unique     48458 / 13667 [R(int) = 0.0598] 
Completeness to theta = 25.35      98.3 % 
Max. and min. transmission         0.9640 and 0.9297 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     13667 / 0 / 678 
Goodness-of-fit on F^2             1.024 
Final R indices [I>2sigma(I)]      R1 = 0.0552, wR2 = 0.1251 
R indices (all data)               R1 = 0.1016, wR2 = 0.1439 
Largest diff. peak and hole        0.802 and -0.378 e.A^-3 
 
Table 10. Bond lengths [Å] for 11 
            C(1)-Si(1)                    1.860(4) 
            C(1)-H(1A)                    0.9800 
            C(1)-H(1B)                    0.9800 
            C(1)-H(1C)                    0.9800 
            C(2)-Si(1)                    1.878(5) 
            C(2)-H(2A)                    0.9800 
            C(2)-H(2B)                    0.9800 
            C(2)-H(2C)                    0.9800 
            C(3)-Si(2)                    1.879(4) 
            C(3)-H(3A)                    0.9800 
            C(3)-H(3B)                    0.9800 
            C(3)-H(3C)                    0.9800 
            C(4)-Si(2)                    1.869(4) 
            C(4)-H(4A)                    0.9800 
            C(4)-H(4B)                    0.9800 
            C(4)-H(4C)                    0.9800 
            C(5)-Si(3)                    1.876(4) 
            C(5)-H(5A)                    0.9800 
            C(5)-H(5B)                    0.9800 
            C(5)-H(5C)                    0.9800 
            C(6)-Si(3)                    1.868(4) 
            C(6)-H(6A)                    0.9800 
            C(6)-H(6B)                    0.9800 
            C(6)-H(6C)                    0.9800 
            C(7)-Si(4)                    1.853(4) 
            C(7)-H(7A)                    0.9800 
            C(7)-H(7B)                    0.9800 
            C(7)-H(7C)                    0.9800 
            C(8)-Si(4)                    1.877(4) 
            C(8)-H(8A)                    0.9800 
            C(8)-H(8B)                    0.9800 
            C(8)-H(8C)                    0.9800 
            C(9)-Si(5)                    1.863(4) 
            C(9)-H(9A)                    0.9800 
            C(9)-H(9B)                    0.9800 
            C(9)-H(9C)                    0.9800 
            C(10)-Si(5)                   1.860(4) 
            C(10)-H(10A)                  0.9800 
            C(10)-H(10B)                  0.9800 
            C(10)-H(10C)                  0.9800 
            C(11)-Si(6)                   1.868(4) 
            C(11)-H(11A)                  0.9800 
            C(11)-H(11B)                  0.9800 
            C(11)-H(11C)                  0.9800 
            C(12)-Si(6)                   1.873(4) 
            C(12)-H(12A)                  0.9800 
            C(12)-H(12B)                  0.9800 
            C(12)-H(12C)                  0.9800 
            C(13)-Si(7)                   1.863(4) 
            C(13)-H(13A)                  0.9800 
            C(13)-H(13B)                  0.9800 
            C(13)-H(13C)                  0.9800 
            C(14)-Si(7)                   1.876(4) 
            C(14)-H(14A)                  0.9800 
            C(14)-H(14B)                  0.9800 
            C(14)-H(14C)                  0.9800 
            C(15)-Si(8)                   1.854(5) 
            C(15)-H(15A)                  0.9800 
            C(15)-H(15B)                  0.9800 
            C(15)-H(15C)                  0.9800 
            C(16)-Si(8)                   1.863(5) 
            C(16)-H(16A)                  0.9800 
            C(16)-H(16B)                  0.9800 
            C(16)-H(16C)                  0.9800 
            C(17)-Si(9)                   1.858(4) 
            C(17)-H(17A)                  0.9800 
            C(17)-H(17B)                  0.9800 
            C(17)-H(17C)                  0.9800 
            C(18)-Si(9)                   1.866(5) 
            C(36)-H(36A)                  0.9900 
            C(36)-H(36B)                  0.9900 
            C(37)-O(4)                    1.429(5) 
            C(37)-C(38)                   1.449(7) 
            C(37)-H(37A)                  0.9900 
            C(37)-H(37B)                  0.9900 
            C(38)-O(5)                    1.413(5) 
            C(38)-H(38A)                  0.9900 
            C(38)-H(38B)                  0.9900 
            C(39)-O(5)                    1.444(5) 
            C(39)-C(40)                   1.475(8) 
            C(39)-H(39A)                  0.9900 
            C(39)-H(39B)                  0.9900 
            C(40)-O(6)                    1.402(6) 
            C(40)-H(40A)                  0.9900 
            C(40)-H(40B)                  0.9900 
            C(41)-O(6)                    1.477(6) 
            C(41)-C(42)                   1.552(8) 
            C(41)-Ca(3)                   3.239(5) 
            C(41)-H(41A)                  0.9900 
            C(41)-H(41B)                  0.9900 
            C(42)-O(1)                    1.432(6) 
            C(42)-H(42A)                  0.9900 
            C(42)-H(42B)                  0.9900 
            C(43)-Si(12)                  1.844(6) 
            C(43)-H(43A)                  0.9800 
            C(43)-H(43B)                  0.9800 
            C(43)-H(43C)                  0.9800 
            C(44)-Si(12)                  1.858(5) 
            C(44)-H(44A)                  0.9800 
            C(44)-H(44B)                  0.9800 
            C(44)-H(44C)                  0.9800 
            C(45)-Si(13)                  1.856(5) 
            C(45)-H(45A)                  0.9800 
            C(45)-H(45B)                  0.9800 
            C(45)-H(45C)                  0.9800 
            C(46)-Si(13)                  1.879(5) 
            C(46)-H(46A)                  0.9800 
            C(46)-H(46B)                  0.9800 
            C(46)-H(46C)                  0.9800 
            N(1)-Si(2)                    1.672(3) 
            N(1)-Si(1)                    1.682(3) 
            N(1)-Ca(1)                    2.327(3) 
            N(2)-Si(3)                    1.694(3) 
            N(2)-Si(4)                    1.702(3) 
            N(2)-Ca(1)                    2.461(3) 
            N(2)-Ca(2)                    2.545(3) 
            O(7)-Si(5)                    1.595(2) 
            O(7)-Ca(2)                    2.270(2) 
            O(7)-Ca(1)                    2.285(2) 
            N(3)-Si(7)                    1.698(3) 
            N(3)-Si(6)                    1.702(3) 
            N(3)-Ca(1)                    2.481(3) 
            N(3)-Ca(2)                    2.511(3) 
            N(4)-Si(8)                    1.731(3) 
            N(4)-Si(5)                    1.742(3) 
            N(4)-Si(9)                    1.742(3) 
            N(5)-Si(11)                   1.675(3) 
            N(5)-Si(10)                   1.689(3) 
            N(5)-Ca(2)                    2.321(3) 
            N(6)-Si(12)                   1.661(4) 
            N(6)-Si(13)                   1.692(4) 
            N(6)-Ca(3)                    2.274(3) 
            Si(1)-Ca(1)                   3.3220(13) 
            Si(1)-H(1D)                   1.39(4) 
            Si(2)-Ca(1)                   3.5133(13) 
            Si(2)-H(2D)                   1.39(4) 
            Si(3)-Ca(1)                   3.1639(12) 





            C(18)-H(18A)                  0.9800 
            C(18)-H(18B)                  0.9800 
            C(18)-H(18C)                  0.9800 
            C(19)-Si(10)                  1.885(6) 
            C(19)-H(19A)                  0.9800 
            C(19)-H(19B)                  0.9800 
            C(19)-H(19C)                  0.9800 
            C(20)-Si(10)                  1.836(6) 
            C(20)-H(20A)                  0.9800 
            C(20)-H(20B)                  0.9800 
            C(20)-H(20C)                  0.9800 
            C(27)-Si(11)                  1.867(5) 
            C(27)-H(27A)                  0.9800 
            C(27)-H(27B)                  0.9800 
            C(27)-H(27C)                  0.9800 
            C(30)-Si(11)                  1.877(5) 
            C(30)-H(30A)                  0.9800 
            C(30)-H(30B)                  0.9800 
            C(30)-H(30C)                  0.9800 
            C(31)-O(1)                    1.392(6) 
            C(31)-C(32)                   1.520(8) 
            C(31)-H(31A)                  0.9900 
            C(31)-H(31B)                  0.9900 
            C(32)-O(2)                    1.428(6) 
            C(32)-H(32A)                  0.9900 
            C(32)-H(32B)                  0.9900 
            C(33)-O(2)                    1.403(6) 
            C(33)-C(34)                   1.531(7) 
            C(33)-H(33A)                  0.9900 
            C(33)-H(33B)                  0.9900 
            C(34)-O(3)                    1.415(5) 
            C(34)-H(34A)                  0.9900 
            C(34)-H(34B)                  0.9900 
 
            Si(4)-Ca(2)                   3.1584(13) 
            Si(4)-H(4D)                   1.39(3) 
            Si(5)-Ca(1)                   3.5262(13) 
            Si(6)-Ca(1)                   3.2255(12) 
            Si(6)-H(6D)                   1.39(3) 
            Si(7)-Ca(2)                   3.2208(14) 
            Si(7)-H(7D)                   1.41(4) 
            Si(8)-H(8D)                   1.47(4) 
            Si(9)-H(9D)                   1.39(4) 
            Si(10)-Ca(2)                  3.4972(14) 
            Si(10)-H(10D)                 1.46(4) 
            Si(11)-Ca(2)                  3.3208(13) 
            Si(11)-H(11D)                 1.33(4) 
            Si(12)-Ca(3)                  3.3740(16) 
            Si(12)-H(12D)                 1.58(5) 
            Si(13)-Ca(3)                  3.2803(14) 
            Si(13)-H(13D)                 1.56(4) 
            Ca(1)-Ca(2)                   3.1282(10) 
            Ca(1)-H(6D)                   2.75(3) 
            Ca(1)-H(3D)                   2.63(3) 
            Ca(2)-H(7D)                   2.73(4) 
            Ca(2)-H(4D)                   2.59(3) 
            Ca(3)-O(5)                    2.467(3) 
            Ca(3)-O(1)                    2.473(3) 
            Ca(3)-O(6)                    2.478(3) 
            Ca(3)-O(4)                    2.489(3) 
            Ca(3)-O(3)                    2.522(3) 
            Ca(3)-O(2)                    2.522(3) 
 
 
Table 11. Angles [°] for 11 
            Si(1)-C(1)-H(1A)            109.5 
            Si(1)-C(1)-H(1B)            109.5 
            H(1A)-C(1)-H(1B)            109.5 
            Si(1)-C(1)-H(1C)            109.5 
            H(1A)-C(1)-H(1C)            109.5 
            H(1B)-C(1)-H(1C)            109.5 
            Si(1)-C(2)-H(2A)            109.5 
            Si(1)-C(2)-H(2B)            109.5 
            H(2A)-C(2)-H(2B)            109.5 
            Si(1)-C(2)-H(2C)            109.5 
            H(2A)-C(2)-H(2C)            109.5 
            H(2B)-C(2)-H(2C)            109.5 
            Si(2)-C(3)-H(3A)            109.5 
            Si(2)-C(3)-H(3B)            109.5 
            H(3A)-C(3)-H(3B)            109.5 
            Si(2)-C(3)-H(3C)            109.5 
            H(3A)-C(3)-H(3C)            109.5 
            H(3B)-C(3)-H(3C)            109.5 
            Si(2)-C(4)-H(4A)            109.5 
            Si(2)-C(4)-H(4B)            109.5 
            H(4A)-C(4)-H(4B)            109.5 
            Si(2)-C(4)-H(4C)            109.5 
            H(4A)-C(4)-H(4C)            109.5 
            H(4B)-C(4)-H(4C)            109.5 
            Si(3)-C(5)-H(5A)            109.5 
            Si(3)-C(5)-H(5B)            109.5 
            H(5A)-C(5)-H(5B)            109.5 
            Si(3)-C(5)-H(5C)            109.5 
            H(5A)-C(5)-H(5C)            109.5 
            H(5B)-C(5)-H(5C)            109.5 
            Si(3)-C(6)-H(6A)            109.5 
            Si(3)-C(6)-H(6B)            109.5 
            H(6A)-C(6)-H(6B)            109.5 
            Si(3)-C(6)-H(6C)            109.5 
            H(6A)-C(6)-H(6C)            109.5 
            H(6B)-C(6)-H(6C)            109.5 
            Si(4)-C(7)-H(7A)            109.5 
            Si(4)-C(7)-H(7B)            109.5 
            H(7A)-C(7)-H(7B)            109.5 
            Si(4)-C(7)-H(7C)            109.5 
            H(7A)-C(7)-H(7C)            109.5 
            H(7B)-C(7)-H(7C)            109.5 
            Si(4)-C(8)-H(8A)            109.5 
            Si(4)-C(8)-H(8B)            109.5 
            H(8A)-C(8)-H(8B)            109.5 
            Si(4)-C(8)-H(8C)            109.5 
            H(8A)-C(8)-H(8C)            109.5 
            H(8B)-C(8)-H(8C)            109.5 
            C(4)-Si(2)-H(2D)            105.9(15) 
            C(3)-Si(2)-H(2D)            105.9(16) 
            Ca(1)-Si(2)-H(2D)            78.6(16) 
            N(2)-Si(3)-C(6)             117.53(19) 
            N(2)-Si(3)-C(5)             114.34(18) 
            C(6)-Si(3)-C(5)             107.3(2) 
            N(2)-Si(3)-Ca(1)             50.45(10) 
            C(6)-Si(3)-Ca(1)            139.68(15) 
            C(5)-Si(3)-Ca(1)            112.33(14) 
            N(2)-Si(3)-H(3D)            104.0(13) 
            C(6)-Si(3)-H(3D)            106.5(13) 
            C(5)-Si(3)-H(3D)            106.3(13) 
            Ca(1)-Si(3)-H(3D)            55.5(13) 
            N(2)-Si(4)-C(7)             114.94(17) 
            N(2)-Si(4)-C(8)             116.12(19) 
            C(7)-Si(4)-C(8)             108.1(2) 
            N(2)-Si(4)-Ca(2)             53.49(10) 
            C(7)-Si(4)-Ca(2)            121.36(14) 
            C(8)-Si(4)-Ca(2)            129.10(17) 
            N(2)-Si(4)-H(4D)            107.0(14) 
            C(7)-Si(4)-H(4D)            104.7(14) 
            C(8)-Si(4)-H(4D)            104.9(14) 
            Ca(2)-Si(4)-H(4D)            53.7(14) 
            O(7)-Si(5)-N(4)             112.27(14) 
            O(7)-Si(5)-C(10)            112.36(17) 
            N(4)-Si(5)-C(10)            106.67(19) 
            O(7)-Si(5)-C(9)             107.88(18) 
            N(4)-Si(5)-C(9)             110.25(18) 
            C(10)-Si(5)-C(9)            107.3(2) 
            O(7)-Si(5)-Ca(1)             29.86(9) 
            N(4)-Si(5)-Ca(1)            127.82(11) 
            C(10)-Si(5)-Ca(1)           119.98(15) 
            C(9)-Si(5)-Ca(1)             78.20(15) 
            N(3)-Si(6)-C(11)            115.27(18) 
            N(3)-Si(6)-C(12)            115.80(18) 
            C(11)-Si(6)-C(12)           106.3(2) 
            N(3)-Si(6)-Ca(1)             49.39(10) 
            C(11)-Si(6)-Ca(1)           118.10(15) 
            C(12)-Si(6)-Ca(1)           135.29(16) 
            N(3)-Si(6)-H(6D)            106.3(14) 
            C(11)-Si(6)-H(6D)           105.5(14) 
            C(12)-Si(6)-H(6D)           106.9(14) 
            Ca(1)-Si(6)-H(6D)            57.7(14) 
            N(3)-Si(7)-C(13)            115.43(17) 
            N(3)-Si(7)-C(14)            114.89(19) 
            C(13)-Si(7)-C(14)           107.7(2) 
            N(3)-Si(7)-Ca(2)             50.52(10) 
            C(13)-Si(7)-Ca(2)           142.44(14) 




            Si(5)-C(9)-H(9A)            109.5 
            Si(5)-C(9)-H(9B)            109.5 
            H(9A)-C(9)-H(9B)            109.5 
            Si(5)-C(9)-H(9C)            109.5 
            H(9A)-C(9)-H(9C)            109.5 
            H(9B)-C(9)-H(9C)            109.5 
            Si(5)-C(10)-H(10A)          109.5 
            Si(5)-C(10)-H(10B)          109.5 
            H(10A)-C(10)-H(10B)         109.5 
            Si(5)-C(10)-H(10C)          109.5 
            H(10A)-C(10)-H(10C)         109.5 
            H(10B)-C(10)-H(10C)         109.5 
            Si(6)-C(11)-H(11A)          109.5 
            Si(6)-C(11)-H(11B)          109.5 
            H(11A)-C(11)-H(11B)         109.5 
            Si(6)-C(11)-H(11C)          109.5 
            H(11A)-C(11)-H(11C)         109.5 
            H(11B)-C(11)-H(11C)         109.5 
            Si(6)-C(12)-H(12A)          109.5 
            Si(6)-C(12)-H(12B)          109.5 
            H(12A)-C(12)-H(12B)         109.5 
            Si(6)-C(12)-H(12C)          109.5 
            H(12A)-C(12)-H(12C)         109.5 
            H(12B)-C(12)-H(12C)         109.5 
            Si(7)-C(13)-H(13A)          109.5 
            Si(7)-C(13)-H(13B)          109.5 
            H(13A)-C(13)-H(13B)         109.5 
            Si(7)-C(13)-H(13C)          109.5 
            H(13A)-C(13)-H(13C)         109.5 
            H(13B)-C(13)-H(13C)         109.5 
            Si(7)-C(14)-H(14A)          109.5 
            Si(7)-C(14)-H(14B)          109.5 
            H(14A)-C(14)-H(14B)         109.5 
            Si(7)-C(14)-H(14C)          109.5 
            H(14A)-C(14)-H(14C)         109.5 
            H(14B)-C(14)-H(14C)         109.5 
            Si(8)-C(15)-H(15A)          109.5 
            Si(8)-C(15)-H(15B)          109.5 
            H(15A)-C(15)-H(15B)         109.5 
            Si(8)-C(15)-H(15C)          109.5 
            H(15A)-C(15)-H(15C)         109.5 
            H(15B)-C(15)-H(15C)         109.5 
            Si(8)-C(16)-H(16A)          109.5 
            Si(8)-C(16)-H(16B)          109.5 
            H(16A)-C(16)-H(16B)         109.5 
            Si(8)-C(16)-H(16C)          109.5 
            H(16A)-C(16)-H(16C)         109.5 
            H(16B)-C(16)-H(16C)         109.5 
            Si(9)-C(17)-H(17A)          109.5 
            Si(9)-C(17)-H(17B)          109.5 
            H(17A)-C(17)-H(17B)         109.5 
            Si(9)-C(17)-H(17C)          109.5 
            H(17A)-C(17)-H(17C)         109.5 
            H(17B)-C(17)-H(17C)         109.5 
            Si(9)-C(18)-H(18A)          109.5 
            Si(9)-C(18)-H(18B)          109.5 
            H(18A)-C(18)-H(18B)         109.5 
            Si(9)-C(18)-H(18C)          109.5 
            H(18A)-C(18)-H(18C)         109.5 
            H(18B)-C(18)-H(18C)         109.5 
            Si(10)-C(19)-H(19A)         109.5 
            Si(10)-C(19)-H(19B)         109.5 
            H(19A)-C(19)-H(19B)         109.5 
            Si(10)-C(19)-H(19C)         109.5 
            H(19A)-C(19)-H(19C)         109.5 
            H(19B)-C(19)-H(19C)         109.5 
            Si(10)-C(20)-H(20A)         109.5 
            Si(10)-C(20)-H(20B)         109.5 
            H(20A)-C(20)-H(20B)         109.5 
            Si(10)-C(20)-H(20C)         109.5 
            H(20A)-C(20)-H(20C)         109.5 
            H(20B)-C(20)-H(20C)         109.5 
            Si(11)-C(27)-H(27A)         109.5 
            Si(11)-C(27)-H(27B)         109.5 
            H(27A)-C(27)-H(27B)         109.5 
            Si(11)-C(27)-H(27C)         109.5 
            H(27A)-C(27)-H(27C)         109.5 
            H(27B)-C(27)-H(27C)         109.5 
            Si(11)-C(30)-H(30A)         109.5 
            Si(11)-C(30)-H(30B)         109.5 
            H(30A)-C(30)-H(30B)         109.5 
            Si(11)-C(30)-H(30C)         109.5 
            H(30A)-C(30)-H(30C)         109.5 
            H(30B)-C(30)-H(30C)         109.5 
            O(1)-C(31)-C(32)            105.6(5) 
            O(1)-C(31)-H(31A)           110.6 
            C(32)-C(31)-H(31A)          110.6 
            O(1)-C(31)-H(31B)           110.6 
            C(14)-Si(7)-Ca(2)           109.52(15) 
            N(3)-Si(7)-H(7D)            104.8(14) 
            C(13)-Si(7)-H(7D)           108.1(15) 
            C(14)-Si(7)-H(7D)           105.1(14) 
            Ca(2)-Si(7)-H(7D)            57.2(14) 
            N(4)-Si(8)-C(15)            112.6(2) 
            N(4)-Si(8)-C(16)            113.4(2) 
            C(15)-Si(8)-C(16)           110.1(3) 
            N(4)-Si(8)-H(8D)            103.7(16) 
            C(15)-Si(8)-H(8D)           108.7(16) 
            C(16)-Si(8)-H(8D)           108.0(16) 
            N(4)-Si(9)-C(17)            114.79(19) 
            N(4)-Si(9)-C(18)            111.9(2) 
            C(17)-Si(9)-C(18)           107.4(2) 
            N(4)-Si(9)-H(9D)            109.2(15) 
            C(17)-Si(9)-H(9D)           108.7(14) 
            C(18)-Si(9)-H(9D)           104.2(14) 
            N(5)-Si(10)-C(20)           112.8(2) 
            N(5)-Si(10)-C(19)           112.9(2) 
            C(20)-Si(10)-C(19)          104.3(3) 
            N(5)-Si(10)-Ca(2)            34.83(11) 
            C(20)-Si(10)-Ca(2)           81.79(19) 
            C(19)-Si(10)-Ca(2)          108.1(2) 
            N(5)-Si(10)-H(10D)          111.3(15) 
            C(20)-Si(10)-H(10D)         114.2(15) 
            C(19)-Si(10)-H(10D)         100.5(16) 
            Ca(2)-Si(10)-H(10D)         142.6(15) 
            N(5)-Si(11)-C(27)           116.4(2) 
            N(5)-Si(11)-C(30)           114.7(2) 
            C(27)-Si(11)-C(30)          106.4(3) 
            N(5)-Si(11)-Ca(2)            40.60(11) 
            C(27)-Si(11)-Ca(2)          127.24(17) 
            C(30)-Si(11)-Ca(2)          126.21(19) 
            N(5)-Si(11)-H(11D)          107.0(16) 
            C(27)-Si(11)-H(11D)         104.9(16) 
            C(30)-Si(11)-H(11D)         106.6(16) 
            Ca(2)-Si(11)-H(11D)          66.4(16) 
            N(6)-Si(12)-C(43)           113.7(2) 
            N(6)-Si(12)-C(44)           116.3(2) 
            C(43)-Si(12)-C(44)          106.8(3) 
            N(6)-Si(12)-Ca(3)            36.82(11) 
            C(43)-Si(12)-Ca(3)          121.5(2) 
            C(44)-Si(12)-Ca(3)          130.83(18) 
            N(6)-Si(12)-H(12D)          115.4(18) 
            C(43)-Si(12)-H(12D)          93.8(18) 
            C(44)-Si(12)-H(12D)         108.3(18) 
            Ca(3)-Si(12)-H(12D)          78.7(18) 
            N(6)-Si(13)-C(45)           114.7(2) 
            N(6)-Si(13)-C(46)           115.3(2) 
            C(45)-Si(13)-C(46)          107.0(3) 
            N(6)-Si(13)-Ca(3)            40.41(11) 
            C(45)-Si(13)-Ca(3)          131.5(2) 
            C(46)-Si(13)-Ca(3)          121.24(18) 
            N(6)-Si(13)-H(13D)          108.3(16) 
            C(45)-Si(13)-H(13D)         103.4(16) 
            C(46)-Si(13)-H(13D)         107.2(16) 
            Ca(3)-Si(13)-H(13D)          68.6(16) 
            O(7)-Ca(1)-N(1)             134.80(10) 
            O(7)-Ca(1)-N(2)              81.28(9) 
            N(1)-Ca(1)-N(2)             125.28(10) 
            O(7)-Ca(1)-N(3)              80.72(9) 
            N(1)-Ca(1)-N(3)             129.36(10) 
            N(2)-Ca(1)-N(3)              88.43(9) 
            O(7)-Ca(1)-Ca(2)             46.43(6) 
            N(1)-Ca(1)-Ca(2)            177.80(8) 
            N(2)-Ca(1)-Ca(2)             52.53(7) 
            N(3)-Ca(1)-Ca(2)             51.62(7) 
            O(7)-Ca(1)-Si(3)            113.25(6) 
            N(1)-Ca(1)-Si(3)            100.35(8) 
            N(2)-Ca(1)-Si(3)             32.06(7) 
            N(3)-Ca(1)-Si(3)             91.26(7) 
            Ca(2)-Ca(1)-Si(3)            77.52(3) 
            O(7)-Ca(1)-Si(6)             78.42(6) 
            N(1)-Ca(1)-Si(6)            109.58(8) 
            N(2)-Ca(1)-Si(6)            118.55(7) 
            N(3)-Ca(1)-Si(6)             31.38(7) 
            Ca(2)-Ca(1)-Si(6)            72.20(3) 
            Si(3)-Ca(1)-Si(6)           121.23(3) 
            O(7)-Ca(1)-Si(1)            116.33(7) 
            N(1)-Ca(1)-Si(1)             28.23(8) 
            N(2)-Ca(1)-Si(1)            107.72(7) 
            N(3)-Ca(1)-Si(1)            157.59(7) 
            Ca(2)-Ca(1)-Si(1)           150.78(3) 
            Si(3)-Ca(1)-Si(1)            94.54(3) 
            Si(6)-Ca(1)-Si(1)           133.29(3) 
            O(7)-Ca(1)-Si(2)            138.56(6) 
            N(1)-Ca(1)-Si(2)             23.78(8) 





            C(32)-C(31)-H(31B)          110.6 
            H(31A)-C(31)-H(31B)         108.8 
            O(2)-C(32)-C(31)            110.1(5) 
            O(2)-C(32)-H(32A)           109.6 
            C(31)-C(32)-H(32A)          109.6 
            O(2)-C(32)-H(32B)           109.6 
            C(31)-C(32)-H(32B)          109.6 
            H(32A)-C(32)-H(32B)         108.2 
            O(2)-C(33)-C(34)            104.8(4) 
            O(2)-C(33)-H(33A)           110.8 
            C(34)-C(33)-H(33A)          110.8 
            O(2)-C(33)-H(33B)           110.8 
            C(34)-C(33)-H(33B)          110.8 
            H(33A)-C(33)-H(33B)         108.9 
            O(3)-C(34)-C(33)            106.3(4) 
            O(3)-C(34)-H(34A)           110.5 
            C(33)-C(34)-H(34A)          110.5 
            O(3)-C(34)-H(34B)           110.5 
            C(33)-C(34)-H(34B)          110.5 
            H(34A)-C(34)-H(34B)         108.7 
            O(3)-C(35)-C(36)            111.7(4) 
            O(3)-C(35)-H(35A)           109.3 
            C(36)-C(35)-H(35A)          109.3 
            O(3)-C(35)-H(35B)           109.3 
            C(36)-C(35)-H(35B)          109.3 
            H(35A)-C(35)-H(35B)         107.9 
            O(4)-C(36)-C(35)            106.1(4) 
            O(4)-C(36)-H(36A)           110.5 
            C(35)-C(36)-H(36A)          110.5 
            O(4)-C(36)-H(36B)           110.5 
            C(35)-C(36)-H(36B)          110.5 
            H(36A)-C(36)-H(36B)         108.7 
            O(4)-C(37)-C(38)            108.6(4) 
            O(4)-C(37)-H(37A)           110.0 
            C(38)-C(37)-H(37A)          110.0 
            O(4)-C(37)-H(37B)           110.0 
            C(38)-C(37)-H(37B)          110.0 
            H(37A)-C(37)-H(37B)         108.3 
            O(5)-C(38)-C(37)            107.7(4) 
            O(5)-C(38)-H(38A)           110.2 
            C(37)-C(38)-H(38A)          110.2 
            O(5)-C(38)-H(38B)           110.2 
            C(37)-C(38)-H(38B)          110.2 
            H(38A)-C(38)-H(38B)         108.5 
            O(5)-C(39)-C(40)            108.6(4) 
            O(5)-C(39)-H(39A)           110.0 
            C(40)-C(39)-H(39A)          110.0 
            O(5)-C(39)-H(39B)           110.0 
            C(40)-C(39)-H(39B)          110.0 
            H(39A)-C(39)-H(39B)         108.4 
            O(6)-C(40)-C(39)            106.5(4) 
            O(6)-C(40)-H(40A)           110.4 
            C(39)-C(40)-H(40A)          110.4 
            O(6)-C(40)-H(40B)           110.4 
            C(39)-C(40)-H(40B)          110.4 
            H(40A)-C(40)-H(40B)         108.6 
            O(6)-C(41)-C(42)            110.0(4) 
            O(6)-C(41)-Ca(3)             46.95(19) 
            C(42)-C(41)-Ca(3)            84.4(3) 
            O(6)-C(41)-H(41A)           109.7 
            C(42)-C(41)-H(41A)          109.7 
            Ca(3)-C(41)-H(41A)           83.2 
            O(6)-C(41)-H(41B)           109.7 
            C(42)-C(41)-H(41B)          109.7 
            Ca(3)-C(41)-H(41B)          156.6 
            H(41A)-C(41)-H(41B)         108.2 
            O(1)-C(42)-C(41)            106.5(4) 
            O(1)-C(42)-H(42A)           110.4 
            C(41)-C(42)-H(42A)          110.4 
            O(1)-C(42)-H(42B)           110.4 
            C(41)-C(42)-H(42B)          110.4 
            H(42A)-C(42)-H(42B)         108.6 
            Si(12)-C(43)-H(43A)         109.5 
            Si(12)-C(43)-H(43B)         109.5 
            H(43A)-C(43)-H(43B)         109.5 
            Si(12)-C(43)-H(43C)         109.5 
            H(43A)-C(43)-H(43C)         109.5 
            H(43B)-C(43)-H(43C)         109.5 
            Si(12)-C(44)-H(44A)         109.5 
            Si(12)-C(44)-H(44B)         109.5 
            H(44A)-C(44)-H(44B)         109.5 
            Si(12)-C(44)-H(44C)         109.5 
            H(44A)-C(44)-H(44C)         109.5 
            H(44B)-C(44)-H(44C)         109.5 
            Si(13)-C(45)-H(45A)         109.5 
            Si(13)-C(45)-H(45B)         109.5 
            H(45A)-C(45)-H(45B)         109.5 
            Si(13)-C(45)-H(45C)         109.5 
            N(3)-Ca(1)-Si(2)            105.85(7) 
            Ca(2)-Ca(1)-Si(2)           157.42(3) 
            Si(3)-Ca(1)-Si(2)           107.54(3) 
            Si(6)-Ca(1)-Si(2)            86.92(3) 
            Si(1)-Ca(1)-Si(2)            51.79(3) 
            O(7)-Ca(1)-Si(5)             20.34(6) 
            Si(3)-Ca(1)-Si(5)           129.51(3) 
            Si(6)-Ca(1)-Si(5)            80.66(3) 
            Si(1)-Ca(1)-Si(5)            99.90(3) 
            Si(2)-Ca(1)-Si(5)           119.39(3) 
            O(7)-Ca(1)-H(6D)             74.1(7) 
            N(1)-Ca(1)-H(6D)             94.5(7) 
            N(2)-Ca(1)-H(6D)            139.4(7) 
            N(3)-Ca(1)-H(6D)             56.4(7) 
            Ca(2)-Ca(1)-H(6D)            87.6(7) 
            Si(3)-Ca(1)-H(6D)           146.3(7) 
            Si(6)-Ca(1)-H(6D)            25.4(7) 
            Si(1)-Ca(1)-H(6D)           112.0(7) 
            Si(2)-Ca(1)-H(6D)            76.2(7) 
            Si(5)-Ca(1)-H(6D)            67.8(7) 
            O(7)-Ca(1)-H(3D)            136.8(7) 
            N(1)-Ca(1)-H(3D)             84.5(7) 
            N(2)-Ca(1)-H(3D)             57.7(7) 
            N(3)-Ca(1)-H(3D)             85.0(7) 
            Ca(2)-Ca(1)-H(3D)            93.7(7) 
            Si(3)-Ca(1)-H(3D)            26.5(7) 
            Si(6)-Ca(1)-H(3D)           108.1(7) 
            Si(1)-Ca(1)-H(3D)            90.6(7) 
            Si(2)-Ca(1)-H(3D)            84.6(7) 
            Si(5)-Ca(1)-H(3D)           155.4(7) 
            H(6D)-Ca(1)-H(3D)           128.5(10) 
            O(7)-Ca(2)-N(5)             137.24(11) 
            O(7)-Ca(2)-N(3)              80.36(9) 
            N(5)-Ca(2)-N(3)             119.66(11) 
            O(7)-Ca(2)-N(2)              79.74(9) 
            N(5)-Ca(2)-N(2)             134.55(11) 
            N(3)-Ca(2)-N(2)              85.94(9) 
            O(7)-Ca(2)-Ca(1)             46.83(6) 
            N(5)-Ca(2)-Ca(1)            170.42(9) 
            N(3)-Ca(2)-Ca(1)             50.76(6) 
            N(2)-Ca(2)-Ca(1)             50.13(6) 
            O(7)-Ca(2)-Si(4)             77.94(6) 
            N(5)-Ca(2)-Si(4)            116.09(9) 
            N(3)-Ca(2)-Si(4)            117.21(7) 
            N(2)-Ca(2)-Si(4)             32.53(7) 
            Ca(1)-Ca(2)-Si(4)            72.18(3) 
            O(7)-Ca(2)-Si(7)            111.23(7) 
            N(5)-Ca(2)-Si(7)             98.07(9) 
            N(3)-Ca(2)-Si(7)             31.46(7) 
            N(2)-Ca(2)-Si(7)             85.83(7) 
            Ca(1)-Ca(2)-Si(7)            73.15(3) 
            Si(4)-Ca(2)-Si(7)           116.99(4) 
            O(7)-Ca(2)-Si(11)           112.83(7) 
            N(5)-Ca(2)-Si(11)            28.01(8) 
            N(3)-Ca(2)-Si(11)           108.95(7) 
            N(2)-Ca(2)-Si(11)           161.51(7) 
            Ca(1)-Ca(2)-Si(11)          148.28(3) 
            Si(4)-Ca(2)-Si(11)          133.80(4) 
            Si(7)-Ca(2)-Si(11)          101.09(4) 
            O(7)-Ca(2)-Si(10)           149.82(7) 
            N(5)-Ca(2)-Si(10)            24.55(8) 
            N(3)-Ca(2)-Si(10)           127.64(7) 
            N(2)-Ca(2)-Si(10)           110.00(7) 
            Ca(1)-Ca(2)-Si(10)          157.87(4) 
            Si(4)-Ca(2)-Si(10)           95.08(4) 
            Si(7)-Ca(2)-Si(10)           98.17(4) 
            Si(11)-Ca(2)-Si(10)          52.33(3) 
            O(7)-Ca(2)-H(7D)            131.4(8) 
            N(5)-Ca(2)-H(7D)             87.2(8) 
            N(3)-Ca(2)-H(7D)             56.1(8) 
            N(2)-Ca(2)-H(7D)             77.0(7) 
            Ca(1)-Ca(2)-H(7D)            86.3(8) 
            Si(4)-Ca(2)-H(7D)           102.0(7) 
            Si(7)-Ca(2)-H(7D)            25.8(8) 
            Si(11)-Ca(2)-H(7D)          101.8(8) 
            Si(10)-Ca(2)-H(7D)           78.6(8) 
            O(7)-Ca(2)-H(4D)             81.3(7) 
            N(5)-Ca(2)-H(4D)             96.2(8) 
            N(3)-Ca(2)-H(4D)            141.9(8) 
            N(2)-Ca(2)-H(4D)             58.0(8) 
            Ca(1)-Ca(2)-H(4D)            93.1(8) 
            Si(4)-Ca(2)-H(4D)            25.6(8) 
            Si(7)-Ca(2)-H(4D)           139.8(8) 
            Si(11)-Ca(2)-H(4D)          108.9(8) 
            Si(10)-Ca(2)-H(4D)           80.5(7) 
            H(7D)-Ca(2)-H(4D)           119.0(11) 
            N(6)-Ca(3)-O(5)             125.78(11) 
            N(6)-Ca(3)-O(1)             107.40(13) 




            H(45A)-C(45)-H(45C)         109.5 
            H(45B)-C(45)-H(45C)         109.5 
            Si(13)-C(46)-H(46A)         109.5 
            Si(13)-C(46)-H(46B)         109.5 
            H(46A)-C(46)-H(46B)         109.5 
            Si(13)-C(46)-H(46C)         109.5 
            H(46A)-C(46)-H(46C)         109.5 
            H(46B)-C(46)-H(46C)         109.5 
            Si(2)-N(1)-Si(1)            126.09(18) 
            Si(2)-N(1)-Ca(1)            122.08(16) 
            Si(1)-N(1)-Ca(1)            110.91(15) 
            Si(3)-N(2)-Si(4)            122.57(17) 
            Si(3)-N(2)-Ca(1)             97.49(13) 
            Si(4)-N(2)-Ca(1)            124.63(15) 
            Si(3)-N(2)-Ca(2)            135.73(16) 
            Si(4)-N(2)-Ca(2)             93.98(13) 
            Ca(1)-N(2)-Ca(2)             77.34(8) 
            Si(5)-O(7)-Ca(2)            142.50(14) 
            Si(5)-O(7)-Ca(1)            129.81(13) 
            Ca(2)-O(7)-Ca(1)             86.74(8) 
            Si(7)-N(3)-Si(6)            122.61(17) 
            Si(7)-N(3)-Ca(1)            128.83(15) 
            Si(6)-N(3)-Ca(1)             99.23(13) 
            Si(7)-N(3)-Ca(2)             98.01(13) 
            Si(6)-N(3)-Ca(2)            124.37(15) 
            Ca(1)-N(3)-Ca(2)             77.62(8) 
            Si(8)-N(4)-Si(5)            123.58(19) 
            Si(8)-N(4)-Si(9)            116.24(18) 
            Si(5)-N(4)-Si(9)            118.46(18) 
            Si(11)-N(5)-Si(10)          127.0(2) 
            Si(11)-N(5)-Ca(2)           111.39(16) 
            Si(10)-N(5)-Ca(2)           120.62(17) 
            Si(12)-N(6)-Si(13)          132.0(2) 
            Si(12)-N(6)-Ca(3)           117.22(18) 
            Si(13)-N(6)-Ca(3)           110.74(17) 
            N(1)-Si(1)-C(1)             114.60(19) 
            N(1)-Si(1)-C(2)             116.02(19) 
            C(1)-Si(1)-C(2)             106.3(2) 
            N(1)-Si(1)-Ca(1)             40.86(10) 
            C(1)-Si(1)-Ca(1)            126.05(17) 
            C(2)-Si(1)-Ca(1)            127.44(16) 
            N(1)-Si(1)-H(1D)            106.5(15) 
            C(1)-Si(1)-H(1D)            107.0(16) 
            C(2)-Si(1)-H(1D)            105.7(16) 
            Ca(1)-Si(1)-H(1D)            65.6(15) 
            N(1)-Si(2)-C(4)             113.6(2) 
            N(1)-Si(2)-C(3)             115.48(18) 
            C(4)-Si(2)-C(3)             106.9(2) 
            N(1)-Si(2)-Ca(1)             34.13(10) 
            C(4)-Si(2)-Ca(1)            107.78(16) 
            C(3)-Si(2)-Ca(1)            142.18(15) 
            N(1)-Si(2)-H(2D)            108.4(16) 
            C(35)-O(3)                    1.423(5) 
            C(35)-C(36)                   1.487(7) 
            C(35)-H(35A)                  0.9900 
            C(35)-H(35B)                  0.9900 
            C(36)-O(4)                    1.390(6) 
            N(1)-Ca(1)-Si(5)            114.79(8) 
            N(2)-Ca(1)-Si(5)             97.79(7) 
            N(3)-Ca(1)-Si(5)             92.95(7) 
            Ca(2)-Ca(1)-Si(5)            66.57(3) 
 
            O(5)-Ca(3)-O(1)              98.95(11) 
            N(6)-Ca(3)-O(6)              84.59(11) 
            O(5)-Ca(3)-O(6)              65.57(11) 
            O(1)-Ca(3)-O(6)              64.13(12) 
            N(6)-Ca(3)-O(4)             106.42(12) 
            O(5)-Ca(3)-O(4)              64.28(11) 
            O(1)-Ca(3)-O(4)             145.82(12) 
            O(6)-Ca(3)-O(4)             124.41(11) 
            N(6)-Ca(3)-O(3)              83.89(12) 
            O(5)-Ca(3)-O(3)             126.80(11) 
            O(1)-Ca(3)-O(3)             113.77(12) 
            O(6)-Ca(3)-O(3)             166.90(12) 
            O(4)-Ca(3)-O(3)              65.24(11) 
            N(6)-Ca(3)-O(2)             134.19(13) 
            O(5)-Ca(3)-O(2)              99.88(11) 
            O(1)-Ca(3)-O(2)              63.89(13) 
            O(6)-Ca(3)-O(2)             122.24(11) 
            O(4)-Ca(3)-O(2)              88.74(11) 
            O(3)-Ca(3)-O(2)              63.33(12) 
            N(6)-Ca(3)-C(41)             76.23(13) 
            O(5)-Ca(3)-C(41)             89.63(14) 
            O(1)-Ca(3)-C(41)             47.20(14) 
            O(6)-Ca(3)-C(41)             25.83(14) 
            O(4)-Ca(3)-C(41)            150.12(14) 
            O(3)-Ca(3)-C(41)            143.31(15) 
            O(2)-Ca(3)-C(41)            111.06(14) 
            N(6)-Ca(3)-Si(13)            28.85(9) 
            O(5)-Ca(3)-Si(13)            97.26(7) 
            O(1)-Ca(3)-Si(13)           121.73(10) 
            O(6)-Ca(3)-Si(13)            73.07(7) 
            O(4)-Ca(3)-Si(13)            90.95(8) 
            O(3)-Ca(3)-Si(13)            99.25(8) 
            O(2)-Ca(3)-Si(13)           160.80(9) 
            C(41)-Ca(3)-Si(13)           77.52(11) 
            N(6)-Ca(3)-Si(12)            25.96(9) 
            O(5)-Ca(3)-Si(12)           150.92(7) 
            O(1)-Ca(3)-Si(12)            91.16(10) 
            O(6)-Ca(3)-Si(12)            95.39(8) 
            O(4)-Ca(3)-Si(12)           118.24(9) 
            O(3)-Ca(3)-Si(12)            71.56(8) 
            O(2)-Ca(3)-Si(12)           109.03(9) 
            C(41)-Ca(3)-Si(12)           77.38(11) 
            Si(13)-Ca(3)-Si(12)          54.80(4) 
            C(31)-O(1)-C(42)            114.0(4) 
            C(31)-O(1)-Ca(3)            124.1(3) 
            C(42)-O(1)-Ca(3)            121.9(3) 
            C(33)-O(2)-C(32)            113.2(4) 
            C(33)-O(2)-Ca(3)            111.1(3) 
            C(32)-O(2)-Ca(3)            113.2(3) 
            C(34)-O(3)-C(35)            113.4(4) 
            C(34)-O(3)-Ca(3)            119.6(3) 
            C(35)-O(3)-Ca(3)            108.2(3) 
            C(36)-O(4)-C(37)            113.4(4) 
            C(36)-O(4)-Ca(3)            120.8(3) 
            C(37)-O(4)-Ca(3)            115.4(3) 
            C(38)-O(5)-C(39)            110.8(4) 
            C(38)-O(5)-Ca(3)            119.6(3) 
            C(39)-O(5)-Ca(3)            116.4(3) 
            C(40)-O(6)-C(41)            117.3(4) 
            C(40)-O(6)-Ca(3)            114.1(3) 








Table 9. Crystal data and structure refinement for 13 
Empirical formula                  
 
C60 H37 B Ca F16 N8 O2 
Formula weight                     1256.87 
Temperature 180(2) K 
Wavelength 1.54180 A 
Crystal system, space group        Monoclinic, P 1 21/n 1 
Unit cell dimensions          a = 13.4857(6) A   alpha = 90 deg. 
 b = 20.4580(13) A    beta = 103.638(5) deg. 
 c = 21.0396(11) A   gamma = 90 deg. 
Volume                             5641.0(5) A^3 
Z, Calculated density              4, 1.480 Mg/m^3 
Absorption coefficient             1.895 mm^-1 
F(000)                            2552 
Crystal size                       0.18 x 0.1 x 0.03 mm 
Theta range for data collection    3.06 to 71.45 deg. 
Limiting indices                  -16<=h<=11, -24<=k<=24, -19<=l<=25 
Reflections collected / unique     18597 / 9519 [R(int) = 0.0279] 
Completeness to theta = 71.45      86.6 % 
Absorption correction              Semi-empirical from equivalents 
Max. and min. transmission         0.9935 and 0.8497 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     9519 / 1 / 797 
Goodness-of-fit on F^2             1.065 
Final R indices [I>2sigma(I)]      R1 = 0.0548, wR2 = 0.1425 
R indices (all data) R1 = 0.0874, wR2 = 0.1606 
Largest diff. peak and hole        0.344 and -0.271 e.A^-3 
 
 
Table 10. Bond lengths [Å] for 13 
 
            C(1)-C(2)                     1.377(5) 
            C(1)-C(6)                     1.401(4) 
            C(1)-C(7)                     1.479(5) 
            C(2)-C(3)                     1.381(5) 
            C(3)-C(4)                     1.369(5) 
            C(4)-C(5)                     1.371(6) 
            C(5)-C(6)                     1.382(5) 
            C(7)-N(1)                     1.342(4) 
            C(7)-C(8)                     1.418(5) 
            C(8)-C(13)                    1.407(4) 
            C(8)-C(9)                     1.407(4) 
            C(9)-N(2)                     1.364(4) 
            C(9)-C(10)                    1.398(5) 
            C(10)-F(10)                   1.348(4) 
            C(10)-C(11)                   1.360(5) 
            C(11)-F(11)                   1.345(4) 
            C(11)-C(12)                   1.391(5) 
            C(12)-F(12)                   1.343(4) 
            C(12)-C(13)                   1.347(5) 
            C(13)-F(13)                   1.355(4) 
            C(21)-C(26)                   1.358(5) 
            C(21)-C(22)                   1.403(6) 
            C(21)-C(27)                   1.473(5) 
            C(22)-C(23)                   1.381(7) 
            C(23)-C(24)                   1.361(7) 
            C(24)-C(25)                   1.358(6) 
            C(25)-C(26)                   1.389(6) 
            C(27)-N(3)                    1.329(4) 
            C(27)-C(28)                   1.418(5) 
            C(28)-C(33)                   1.392(5) 
            C(28)-C(29)                   1.417(5) 
            C(29)-F(29)                   1.334(5) 
            C(29)-C(30)                   1.352(6) 
            C(30)-F(30)                   1.348(4) 
            C(30)-C(31)                   1.397(7) 
            C(31)-F(31)                   1.360(5) 
            C(31)-C(32)                   1.371(5) 
            C(32)-F(32)                   1.341(5) 
            C(32)-C(33)                   1.402(5) 
            C(33)-N(4)                    1.363(4) 
            C(41)-C(42)                   1.395(5) 
            C(51)-F(51)                   1.346(5) 
            C(51)-C(52)                   1.393(6) 
            C(52)-C(53)                   1.346(6) 
            C(52)-F(52)                   1.355(4) 
            C(53)-F(53)                   1.347(4) 
            C(61)-C(66)                   1.387(6) 
            C(61)-C(62)                   1.387(5) 
            C(61)-C(67)                   1.472(5) 
            C(62)-C(63)                   1.359(7) 
            C(63)-C(64)                   1.364(8) 
            C(64)-C(65)                   1.370(7) 
            C(65)-C(66)                   1.383(6) 
            C(67)-N(7)                    1.336(4) 
            C(67)-C(68)                   1.422(5) 
            C(68)-C(73)                   1.406(6) 
            C(68)-C(69)                   1.425(5) 
            C(69)-N(8)                    1.328(5) 
            C(69)-C(70)                   1.413(6) 
            C(70)-F(70)                   1.346(5) 
            C(70)-C(71)                   1.356(7) 
            C(71)-F(71)                   1.352(5) 
            C(71)-C(72)                   1.407(7) 
            C(72)-C(73)                   1.337(7) 
            C(72)-F(72)                   1.347(5) 
            C(73)-F(73)                   1.363(5) 
            C(81)-O(1)                    1.444(4) 
            C(81)-C(82)                   1.504(7) 
            C(82)-C(83B)                  1.481(10) 
            C(82)-C(83A)                  1.497(9) 
            C(83A)-C(85B)                 1.451(11) 
            C(85B)-O(1)                   1.447(10) 
            C(83B)-C(85A)                 1.64(5) 
            C(85A)-O(1)                   1.47(4) 
            C(91)-C(92B)                  1.448(13) 
            C(91)-O(2)                    1.466(4) 
            C(91)-C(92A)                  1.593(13) 
            C(92A)-C(93A)                 1.167(16) 
            C(93A)-C(95)                  1.579(11) 
            C(92B)-C(93B)                 1.545(16) 
            C(93B)-C(95)                  1.479(11) 
            C(95)-O(2)                    1.449(4) 




            C(41)-C(46)                   1.397(5) 
            C(41)-C(47)                   1.478(5) 
            C(42)-C(43)                   1.390(6) 
            C(43)-C(44)                   1.387(6) 
            C(44)-C(45)                   1.356(7) 
            C(45)-C(46)                   1.384(6) 
            C(47)-N(5)                    1.331(4) 
            C(47)-C(48)                   1.424(5) 
            C(48)-C(53)                   1.410(5) 
            C(48)-C(49)                   1.417(5) 
            C(49)-N(6)                    1.366(4) 
            C(49)-C(50)                   1.387(5) 
            C(50)-F(50)                   1.347(4) 
            C(50)-C(51)                   1.364(5) 
 
            N(1)-N(2)                     1.371(4) 
            N(1)-Ca(1)                    2.584(3) 
            N(2)-B(1)                     1.550(4) 
            N(3)-N(4)                     1.382(4) 
            N(3)-Ca(1)                    2.532(3) 
            N(4)-B(1)                     1.541(4) 
            N(5)-N(6)                     1.363(4) 
            N(5)-Ca(1)                    2.600(3) 
            N(6)-B(1)                     1.554(5) 
            N(7)-N(8)                     1.359(4) 
            N(7)-Ca(1)                    2.400(3) 
            N(8)-Ca(1)                    2.469(3) 
            O(1)-Ca(1)                    2.359(3) 
            O(2)-Ca(1)                    2.378(2) 
 
 
Table 11. Angles [°] for 13 
            C(2)-C(1)-C(6)              118.8(3) 
            C(2)-C(1)-C(7)              123.1(3) 
            C(6)-C(1)-C(7)              118.1(3) 
            C(1)-C(2)-C(3)              121.1(3) 
            C(4)-C(3)-C(2)              119.7(4) 
            C(3)-C(4)-C(5)              120.2(4) 
            C(4)-C(5)-C(6)              120.8(3) 
            C(5)-C(6)-C(1)              119.4(4) 
            N(1)-C(7)-C(8)              109.4(3) 
            N(1)-C(7)-C(1)              122.7(3) 
            C(8)-C(7)-C(1)              127.8(3) 
            C(13)-C(8)-C(9)             119.0(3) 
            C(13)-C(8)-C(7)             135.9(3) 
            C(9)-C(8)-C(7)              105.1(3) 
            N(2)-C(9)-C(10)             131.7(3) 
            N(2)-C(9)-C(8)              108.0(3) 
            C(10)-C(9)-C(8)             120.3(3) 
            F(10)-C(10)-C(11)           118.6(3) 
            F(10)-C(10)-C(9)            123.1(3) 
            C(11)-C(10)-C(9)            118.3(3) 
            F(11)-C(11)-C(10)           119.8(3) 
            F(11)-C(11)-C(12)           118.1(3) 
            C(10)-C(11)-C(12)           122.0(4) 
            F(12)-C(12)-C(13)           121.1(3) 
            F(12)-C(12)-C(11)           118.5(4) 
            C(13)-C(12)-C(11)           120.4(3) 
            C(12)-C(13)-F(13)           119.8(3) 
            C(12)-C(13)-C(8)            119.9(3) 
            F(13)-C(13)-C(8)            120.2(3) 
            C(26)-C(21)-C(22)           118.1(4) 
            C(26)-C(21)-C(27)           123.8(3) 
            C(22)-C(21)-C(27)           118.1(4) 
            C(23)-C(22)-C(21)           119.9(5) 
            C(24)-C(23)-C(22)           121.1(5) 
            C(25)-C(24)-C(23)           118.9(5) 
            C(24)-C(25)-C(26)           121.0(4) 
            C(21)-C(26)-C(25)           120.9(4) 
            N(3)-C(27)-C(28)            109.5(3) 
            N(3)-C(27)-C(21)            123.9(3) 
            C(28)-C(27)-C(21)           126.5(3) 
            C(33)-C(28)-C(29)           120.0(4) 
            C(33)-C(28)-C(27)           105.2(3) 
            C(29)-C(28)-C(27)           134.8(4) 
            F(29)-C(29)-C(30)           120.2(4) 
            F(29)-C(29)-C(28)           120.7(4) 
            C(30)-C(29)-C(28)           119.1(4) 
            F(30)-C(30)-C(29)           121.1(5) 
            F(30)-C(30)-C(31)           118.5(4) 
            C(29)-C(30)-C(31)           120.4(4) 
            F(31)-C(31)-C(32)           119.6(4) 
            F(31)-C(31)-C(30)           118.2(4) 
            C(32)-C(31)-C(30)           122.2(4) 
            F(32)-C(32)-C(31)           119.7(4) 
            F(32)-C(32)-C(33)           122.4(3) 
            C(31)-C(32)-C(33)           117.8(4) 
            N(4)-C(33)-C(28)            108.5(3) 
            N(4)-C(33)-C(32)            131.0(3) 
            C(28)-C(33)-C(32)           120.5(3) 
            C(42)-C(41)-C(46)           118.8(4) 
            C(42)-C(41)-C(47)           120.5(3) 
            C(46)-C(41)-C(47)           120.7(4) 
            C(43)-C(42)-C(41)           120.6(4) 
            C(44)-C(43)-C(42)           118.7(5) 
            C(45)-C(44)-C(43)           121.7(5) 
            C(44)-C(45)-C(46)           119.8(4) 
            C(45)-C(46)-C(41)           120.4(4) 
            N(5)-C(47)-C(48)            109.5(3) 
            N(7)-C(67)-C(61)            119.5(3) 
            C(68)-C(67)-C(61)           133.0(3) 
            C(73)-C(68)-C(67)           137.7(4) 
            C(73)-C(68)-C(69)           119.0(4) 
            C(67)-C(68)-C(69)           103.2(3) 
            N(8)-C(69)-C(70)            129.6(4) 
            N(8)-C(69)-C(68)            111.1(4) 
            C(70)-C(69)-C(68)           119.3(4) 
            F(70)-C(70)-C(71)           121.2(4) 
            F(70)-C(70)-C(69)           119.9(4) 
            C(71)-C(70)-C(69)           118.9(4) 
            F(71)-C(71)-C(70)           119.8(5) 
            F(71)-C(71)-C(72)           118.5(5) 
            C(70)-C(71)-C(72)           121.7(4) 
            C(73)-C(72)-F(72)           121.6(5) 
            C(73)-C(72)-C(71)           120.6(4) 
            F(72)-C(72)-C(71)           117.8(5) 
            C(72)-C(73)-F(73)           118.8(4) 
            C(72)-C(73)-C(68)           120.5(4) 
            F(73)-C(73)-C(68)           120.7(4) 
            O(1)-C(81)-C(82)            105.8(4) 
            C(83B)-C(82)-C(83A)          34.7(11) 
            C(83B)-C(82)-C(81)          105.5(10) 
            C(83A)-C(82)-C(81)          104.5(4) 
            C(85B)-C(83A)-C(82)         101.6(6) 
            O(1)-C(85B)-C(83A)          106.7(7) 
            C(82)-C(83B)-C(85A)          98.4(18) 
            O(1)-C(85A)-C(83B)           97(3) 
            C(92B)-C(91)-O(2)           107.6(6) 
            C(92B)-C(91)-C(92A)          22.1(7) 
            O(2)-C(91)-C(92A)           101.7(7) 
            C(93A)-C(92A)-C(91)         111.7(11) 
            C(92A)-C(93A)-C(95)         112.8(10) 
            C(91)-C(92B)-C(93B)         108.5(8) 
            C(95)-C(93B)-C(92B)         104.4(7) 
            O(2)-C(95)-C(93B)           109.0(5) 
            O(2)-C(95)-C(93A)           101.7(6) 
            C(93B)-C(95)-C(93A)          28.8(6) 
            C(7)-N(1)-N(2)              108.2(3) 
            C(7)-N(1)-Ca(1)             138.1(2) 
            N(2)-N(1)-Ca(1)             112.44(16) 
            C(9)-N(2)-N(1)              109.3(2) 
            C(9)-N(2)-B(1)              126.7(3) 
            N(1)-N(2)-B(1)              121.3(3) 
            C(27)-N(3)-N(4)             108.2(3) 
            C(27)-N(3)-Ca(1)            135.0(2) 
            N(4)-N(3)-Ca(1)             107.00(18) 
            C(33)-N(4)-N(3)             108.6(3) 
            C(33)-N(4)-B(1)             126.8(3) 
            N(3)-N(4)-B(1)              122.4(2) 
            C(47)-N(5)-N(6)             108.8(3) 
            C(47)-N(5)-Ca(1)            133.5(2) 
            N(6)-N(5)-Ca(1)             112.71(18) 
            N(5)-N(6)-C(49)             109.4(3) 
            N(5)-N(6)-B(1)              122.6(3) 
            C(49)-N(6)-B(1)             127.9(3) 
            C(67)-N(7)-N(8)             111.8(3) 
            C(67)-N(7)-Ca(1)            168.8(3) 
            N(8)-N(7)-Ca(1)              76.58(17) 
            C(69)-N(8)-N(7)             106.4(3) 
            C(69)-N(8)-Ca(1)            170.9(3) 
            N(7)-N(8)-Ca(1)              71.03(18) 
            C(81)-O(1)-C(85B)           107.3(5) 
            C(81)-O(1)-C(85A)           108.7(16) 
            C(85B)-O(1)-C(85A)           20.0(12) 
            C(81)-O(1)-Ca(1)            131.6(3) 





            N(5)-C(47)-C(41)            122.4(3) 
            C(48)-C(47)-C(41)           128.0(3) 
            C(53)-C(48)-C(49)           118.6(4) 
            C(53)-C(48)-C(47)           136.9(4) 
            C(49)-C(48)-C(47)           104.5(3) 
            N(6)-C(49)-C(50)            131.8(3) 
            N(6)-C(49)-C(48)            107.6(3) 
            C(50)-C(49)-C(48)           120.6(3) 
            F(50)-C(50)-C(51)           118.2(4) 
            F(50)-C(50)-C(49)           123.2(3) 
            C(51)-C(50)-C(49)           118.5(4) 
            F(51)-C(51)-C(50)           120.2(4) 
            F(51)-C(51)-C(52)           118.2(4) 
            C(50)-C(51)-C(52)           121.6(4) 
            C(53)-C(52)-F(52)           120.8(4) 
            C(53)-C(52)-C(51)           120.9(4) 
            F(52)-C(52)-C(51)           118.3(4) 
            C(52)-C(53)-F(53)           119.4(3) 
            C(52)-C(53)-C(48)           119.7(4) 
            F(53)-C(53)-C(48)           120.8(4) 
            C(66)-C(61)-C(62)           118.4(4) 
            C(66)-C(61)-C(67)           119.0(3) 
            C(62)-C(61)-C(67)           122.6(4) 
            C(63)-C(62)-C(61)           120.2(5) 
            C(62)-C(63)-C(64)           120.9(5) 
            C(63)-C(64)-C(65)           120.6(5) 
            C(64)-C(65)-C(66)           118.7(5) 
            C(65)-C(66)-C(61)           121.1(4) 
            N(7)-C(67)-C(68)            107.5(3) 
 
            C(85A)-O(1)-Ca(1)           118.3(16) 
            C(95)-O(2)-C(91)            109.2(3) 
            C(95)-O(2)-Ca(1)            124.8(2) 
            C(91)-O(2)-Ca(1)            125.9(2) 
            O(1)-Ca(1)-O(2)             102.87(9) 
            O(1)-Ca(1)-N(7)             110.48(10) 
            O(2)-Ca(1)-N(7)             104.93(9) 
            O(1)-Ca(1)-N(8)              85.98(10) 
            O(2)-Ca(1)-N(8)              90.88(9) 
            N(7)-Ca(1)-N(8)              32.39(9) 
            O(1)-Ca(1)-N(3)             163.46(10) 
            O(2)-Ca(1)-N(3)              81.41(9) 
            N(7)-Ca(1)-N(3)              83.30(9) 
            N(8)-Ca(1)-N(3)             110.10(9) 
            O(1)-Ca(1)-N(1)              87.57(9) 
            O(2)-Ca(1)-N(1)              86.24(8) 
            N(7)-Ca(1)-N(1)             155.40(10) 
            N(8)-Ca(1)-N(1)             172.16(9) 
            N(3)-Ca(1)-N(1)              76.69(8) 
            O(1)-Ca(1)-N(5)              85.99(9) 
            O(2)-Ca(1)-N(5)             159.67(9) 
            N(7)-Ca(1)-N(5)              88.55(9) 
            N(8)-Ca(1)-N(5)             108.14(9) 
            N(3)-Ca(1)-N(5)              85.24(9) 
            N(1)-Ca(1)-N(5)              75.78(8) 
            N(4)-B(1)-N(2)              111.8(3) 
            N(4)-B(1)-N(6)              111.8(3) 




Table 12. Crystal data and structure refinement for 14 
Empirical formula                  C45 H34 B Ca F12 N7 Si2 
Formula weight                     1007.86 
Temperature     180(2) K 
Wavelength                         1.54184 A 
Crystal system, space group        monoclinic,  C 2/c 
Unit cell dimensions      a = 25.9154(10) A   alpha = 90 deg. 
 b = 12.7520(5) A    beta = 94.498(4) deg. 
 c = 27.5283(10) A   gamma = 90 deg. 
Volume                             9069.4(6) A^3 
Z, Calculated density              8,  1.476 Mg/m^3 
Absorption coefficient             2.517 mm^-1 
F(000)              4112 
Crystal size                       0.2 x 0.18 x 0.1 mm 
Theta range for data collection    3.22 to 71.28 deg. 
Limiting indices                   -31<=h<=31, -15<=k<=15, -33<=l<=33 
Reflections collected / unique     44123 / 8697 [R(int) = 0.0357] 
Completeness to theta = 71.28      98.8 % 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     8697 / 0 / 623 
Goodness-of-fit on F^2             1.036 




Final R indices [I>2sigma(I)]      R1 = 0.0346, wR2 = 0.0849 
R indices (all data)               R1 = 0.0439, wR2 = 0.0913 
Largest diff. peak and hole        0.437 and -0.306 e.A^-3 
 
 
Table 13. Bond lengths [Å] for 14 
 
            C(1)-N(1)                     1.369(2) 
            C(1)-C(2)                     1.405(3) 
            C(1)-C(6)                     1.406(3) 
            C(2)-F(1)                     1.339(2) 
            C(2)-C(3)                     1.365(3) 
            C(3)-F(2)                     1.341(2) 
            C(3)-C(4)                     1.396(3) 
            C(4)-F(3)                     1.342(2) 
            C(4)-C(5)                     1.353(3) 
            C(5)-F(4)                     1.341(2) 
            C(5)-C(6)                     1.408(2) 
            C(6)-C(7)                     1.425(2) 
            C(7)-N(2)                     1.331(2) 
            C(7)-C(8)                     1.475(3) 
            C(8)-C(13)                    1.390(3) 
            C(8)-C(9)                     1.393(3) 
            C(9)-C(10)                    1.382(3) 
            C(9)-H(9)                     0.9500 
            C(10)-C(11)                   1.365(4) 
            C(10)-H(10)                   0.9500 
            C(11)-C(12)                   1.377(4) 
            C(11)-H(11)                   0.9500 
            C(12)-C(13)                   1.397(3) 
            C(12)-H(12)                   0.9500 
            C(13)-H(13)                   0.9500 
            C(14)-N(3)                    1.367(2) 
            C(14)-C(15)                   1.399(3) 
            C(14)-C(19)                   1.412(3) 
            C(15)-F(5)                    1.340(2) 
            C(15)-C(16)                   1.366(3) 
            C(16)-F(6)                    1.341(3) 
            C(16)-C(17)                   1.403(3) 
            C(17)-F(7)                    1.344(2) 
            C(17)-C(18)                   1.349(3) 
            C(18)-F(8)                    1.348(2) 
            C(18)-C(19)                   1.406(3) 
            C(19)-C(20)                   1.414(3) 
            C(20)-N(4)                    1.335(2) 
            C(20)-C(21)                   1.474(3) 
            C(21)-C(22)                   1.379(3) 
            C(21)-C(26)                   1.400(3) 
            C(22)-C(23)                   1.394(3) 
            C(22)-H(22)                   0.9500 
            C(23)-C(24)                   1.386(4) 
            C(23)-H(23)                   0.9500 
            C(24)-C(25)                   1.364(4) 
            C(24)-H(24)                   0.9500 
            C(25)-C(26)                   1.383(3) 
            C(25)-H(25)                   0.9500 
            C(26)-H(26)                   0.9500 
            C(27)-N(5)                    1.366(2) 
            C(27)-C(28)                   1.404(3) 
            C(27)-C(32)                   1.409(3) 
            C(28)-F(9)                    1.343(2) 
            C(28)-C(29)                   1.364(3) 
            C(29)-F(10)                   1.338(3) 
            C(29)-C(30)                   1.400(3) 
 
            C(30)-F(11)                   1.345(2) 
            C(30)-C(31)                   1.347(3) 
            C(31)-F(12)                   1.345(2) 
            C(31)-C(32)                   1.407(3) 
            C(32)-C(33)                   1.417(3) 
            C(33)-N(6)                    1.331(2) 
            C(33)-C(34)                   1.474(3) 
            C(34)-C(35)                   1.386(3) 
            C(34)-C(39)                   1.386(3) 
            C(35)-C(36)                   1.387(3) 
            C(35)-H(35)                   0.9500 
            C(36)-C(37)                   1.373(3) 
            C(36)-H(36)                   0.9500 
            C(37)-C(38)                   1.369(3) 
            C(37)-H(37)                   0.9500 
            C(38)-C(39)                   1.383(3) 
            C(38)-H(38)                   0.9500 
            C(39)-H(39)                   0.9500 
            C(40)-Si(1)                   1.895(2) 
            C(40)-H(40A)                  0.9800 
            C(40)-H(40B)                  0.9800 
            C(40)-H(40C)                  0.9800 
            C(41)-Si(1)                   1.868(3) 
            C(41)-H(41A)                  0.9800 
            C(41)-H(41B)                  0.9800 
            C(41)-H(41C)                  0.9800 
            C(42)-Si(1)                   1.875(3) 
            C(42)-H(42A)                  0.9800 
            C(42)-H(42B)                  0.9800 
            C(42)-H(42C)                  0.9800 
            C(43)-Si(2)                   1.884(2) 
            C(43)-H(43A)                  0.9800 
            C(43)-H(43B)                  0.9800 
            C(43)-H(43C)                  0.9800 
            C(44)-Si(2)                   1.868(2) 
            C(44)-H(44A)                  0.9800 
            C(44)-H(44B)                  0.9800 
            C(44)-H(44C)                  0.9800 
            C(45)-Si(2)                   1.868(2) 
            C(45)-H(45A)                  0.9800 
            C(45)-H(45B)                  0.9800 
            C(45)-H(45C)                  0.9800 
            N(1)-N(2)                     1.373(2) 
            N(1)-B(1)                     1.546(2) 
            N(2)-Ca(1)                    2.5084(14) 
            N(3)-N(4)                     1.372(2) 
            N(3)-B(1)                     1.564(2) 
            N(4)-Ca(1)                    2.4989(16) 
            N(5)-N(6)                     1.376(2) 
            N(5)-B(1)                     1.543(2) 
            N(6)-Ca(1)                    2.4566(15) 
            N(7)-Si(2)                    1.6839(16) 
            N(7)-Si(1)                    1.6846(17) 
            N(7)-Ca(1)                    2.2342(15) 
            Si(1)-Ca(1)                   3.2831(7) 
            Si(2)-Ca(1)                   3.2650(6) 
            B(1)-H(1)                     1.069(19) 
 
 
Table 14. Angles [°] for 14 
            N(1)-C(1)-C(2)              131.51(17) 
            N(1)-C(1)-C(6)              108.31(15) 
            C(2)-C(1)-C(6)              120.15(15) 
            F(1)-C(2)-C(3)              118.23(17) 
            F(1)-C(2)-C(1)              123.66(16) 
            C(3)-C(2)-C(1)              118.12(19) 
            F(2)-C(3)-C(2)              119.7(2) 
            F(2)-C(3)-C(4)              118.28(17) 
            C(2)-C(3)-C(4)              122.01(18) 
            F(3)-C(4)-C(5)              121.1(2) 
            F(3)-C(4)-C(3)              118.20(19) 
            C(38)-C(37)-H(37)           120.0 
            C(36)-C(37)-H(37)           120.0 
            C(37)-C(38)-C(39)           120.4(2) 
            C(37)-C(38)-H(38)           119.8 
            C(39)-C(38)-H(38)           119.8 
            C(38)-C(39)-C(34)           120.3(2) 
            C(38)-C(39)-H(39)           119.8 
            C(34)-C(39)-H(39)           119.8 
            C(38)-C(37)-C(36)           120.0(2) 
            Si(1)-C(40)-H(40A)          109.5 





            C(5)-C(4)-C(3)              120.65(17) 
            F(4)-C(5)-C(4)              119.07(17) 
            F(4)-C(5)-C(6)              121.61(18) 
            C(4)-C(5)-C(6)              119.32(19) 
            C(1)-C(6)-C(5)              119.73(17) 
            C(1)-C(6)-C(7)              104.81(15) 
            C(5)-C(6)-C(7)              135.35(19) 
            N(2)-C(7)-C(6)              109.27(16) 
            N(2)-C(7)-C(8)              121.46(16) 
            C(6)-C(7)-C(8)              129.07(16) 
            C(13)-C(8)-C(9)             118.6(2) 
            C(13)-C(8)-C(7)             119.41(18) 
            C(9)-C(8)-C(7)              121.91(18) 
            C(10)-C(9)-C(8)             120.3(2) 
            C(10)-C(9)-H(9)             119.9 
            C(8)-C(9)-H(9)              119.9 
            C(11)-C(10)-C(9)            120.9(3) 
            C(11)-C(10)-H(10)           119.5 
            C(9)-C(10)-H(10)            119.5 
            C(10)-C(11)-C(12)           119.9(2) 
            C(10)-C(11)-H(11)           120.0 
            C(12)-C(11)-H(11)           120.0 
            C(11)-C(12)-C(13)           119.9(2) 
            C(11)-C(12)-H(12)           120.0 
            C(13)-C(12)-H(12)           120.0 
            C(8)-C(13)-C(12)            120.3(2) 
            C(8)-C(13)-H(13)            119.8 
            C(12)-C(13)-H(13)           119.8 
            N(3)-C(14)-C(15)            131.30(16) 
            N(3)-C(14)-C(19)            107.87(16) 
            C(15)-C(14)-C(19)           120.82(17) 
            F(5)-C(15)-C(16)            118.86(19) 
            F(5)-C(15)-C(14)            122.95(16) 
            C(16)-C(15)-C(14)           118.16(18) 
            F(6)-C(16)-C(15)            120.38(19) 
            F(6)-C(16)-C(17)            118.13(18) 
            C(15)-C(16)-C(17)           121.5(2) 
            F(7)-C(17)-C(18)            121.1(2) 
            F(7)-C(17)-C(16)            118.2(2) 
            C(18)-C(17)-C(16)           120.72(18) 
            F(8)-C(18)-C(17)            119.46(18) 
            F(8)-C(18)-C(19)            120.6(2) 
            C(17)-C(18)-C(19)           119.92(18) 
            C(18)-C(19)-C(14)           118.73(19) 
            C(18)-C(19)-C(20)           136.31(18) 
            C(14)-C(19)-C(20)           104.94(15) 
            N(4)-C(20)-C(19)            109.61(16) 
            N(4)-C(20)-C(21)            120.55(18) 
            C(19)-C(20)-C(21)           129.83(17) 
            C(22)-C(21)-C(26)           119.1(2) 
            C(22)-C(21)-C(20)           120.42(17) 
            C(26)-C(21)-C(20)           120.5(2) 
            C(21)-C(22)-C(23)           120.5(2) 
            C(21)-C(22)-H(22)           119.7 
            C(23)-C(22)-H(22)           119.7 
            C(24)-C(23)-C(22)           119.6(3) 
            C(24)-C(23)-H(23)           120.2 
            C(22)-C(23)-H(23)           120.2 
            C(25)-C(24)-C(23)           120.1(2) 
            C(25)-C(24)-H(24)           119.9 
            C(23)-C(24)-H(24)           119.9 
            C(24)-C(25)-C(26)           120.7(2) 
            C(24)-C(25)-H(25)           119.6 
            C(26)-C(25)-H(25)           119.6 
            C(25)-C(26)-C(21)           119.9(2) 
            C(25)-C(26)-H(26)           120.1 
            C(21)-C(26)-H(26)           120.1 
            N(5)-C(27)-C(28)            132.25(18) 
            N(5)-C(27)-C(32)            107.89(16) 
            C(28)-C(27)-C(32)           119.74(17) 
            F(9)-C(28)-C(29)            118.90(19) 
            F(9)-C(28)-C(27)            122.75(17) 
            C(29)-C(28)-C(27)           118.3(2) 
            F(10)-C(29)-C(28)           119.5(2) 
            F(10)-C(29)-C(30)           118.54(19) 
            C(28)-C(29)-C(30)           121.9(2) 
            F(11)-C(30)-C(31)           121.1(2) 
            F(11)-C(30)-C(29)           118.3(2) 
            C(31)-C(30)-C(29)           120.64(19) 
            F(12)-C(31)-C(30)           120.01(18) 
            F(12)-C(31)-C(32)           120.7(2) 
            C(30)-C(31)-C(32)           119.3(2) 
            C(31)-C(32)-C(27)           119.99(19) 
            C(31)-C(32)-C(33)           134.84(19) 
            C(27)-C(32)-C(33)           105.07(15) 
            N(6)-C(33)-C(32)            109.50(16) 
            N(6)-C(33)-C(34)            123.25(17) 
            C(32)-C(33)-C(34)           127.01(16) 
            H(40A)-C(40)-H(40B)         109.5 
            Si(1)-C(40)-H(40C)          109.5 
            H(40A)-C(40)-H(40C)         109.5 
            H(40B)-C(40)-H(40C)         109.5 
            Si(1)-C(41)-H(41A)          109.5 
            Si(1)-C(41)-H(41B)          109.5 
            H(41A)-C(41)-H(41B)         109.5 
            Si(1)-C(41)-H(41C)          109.5 
            H(41A)-C(41)-H(41C)         109.5 
            H(41B)-C(41)-H(41C)         109.5 
            Si(1)-C(42)-H(42A)          109.5 
            Si(1)-C(42)-H(42B)          109.5 
            H(42A)-C(42)-H(42B)         109.5 
            Si(1)-C(42)-H(42C)          109.5 
            H(42A)-C(42)-H(42C)         109.5 
            H(42B)-C(42)-H(42C)         109.5 
            Si(2)-C(43)-H(43A)          109.5 
            Si(2)-C(43)-H(43B)          109.5 
            H(43A)-C(43)-H(43B)         109.5 
            Si(2)-C(43)-H(43C)          109.5 
            H(43A)-C(43)-H(43C)         109.5 
            H(43B)-C(43)-H(43C)         109.5 
            Si(2)-C(44)-H(44A)          109.5 
            Si(2)-C(44)-H(44B)          109.5 
            H(44A)-C(44)-H(44B)         109.5 
            Si(2)-C(44)-H(44C)          109.5 
            H(44A)-C(44)-H(44C)         109.5 
            H(44B)-C(44)-H(44C)         109.5 
            Si(2)-C(45)-H(45A)          109.5 
            Si(2)-C(45)-H(45B)          109.5 
            H(45A)-C(45)-H(45B)         109.5 
            Si(2)-C(45)-H(45C)          109.5 
            H(45A)-C(45)-H(45C)         109.5 
            H(45B)-C(45)-H(45C)         109.5 
            C(1)-N(1)-N(2)              108.56(14) 
            C(1)-N(1)-B(1)              127.30(15) 
            N(2)-N(1)-B(1)              123.79(13) 
            C(7)-N(2)-N(1)              109.02(14) 
            C(7)-N(2)-Ca(1)             136.07(12) 
            N(1)-N(2)-Ca(1)             114.88(10) 
            C(14)-N(3)-N(4)             108.99(14) 
            C(14)-N(3)-B(1)             127.20(15) 
            N(4)-N(3)-B(1)              123.26(14) 
            C(20)-N(4)-N(3)             108.54(15) 
            C(20)-N(4)-Ca(1)            134.78(12) 
            N(3)-N(4)-Ca(1)             111.53(10) 
            C(27)-N(5)-N(6)             108.88(14) 
            C(27)-N(5)-B(1)             127.50(16) 
            N(6)-N(5)-B(1)              122.50(14) 
            C(33)-N(6)-N(5)             108.60(15) 
            C(33)-N(6)-Ca(1)            134.20(12) 
            N(5)-N(6)-Ca(1)             116.88(10) 
            Si(2)-N(7)-Si(1)            133.31(10) 
            Si(2)-N(7)-Ca(1)            112.12(8) 
            Si(1)-N(7)-Ca(1)            113.07(8) 
            N(7)-Si(1)-C(41)            114.03(12) 
            N(7)-Si(1)-C(42)            115.53(11) 
            C(41)-Si(1)-C(42)           105.83(14) 
            N(7)-Si(1)-C(40)            106.50(9) 
            C(41)-Si(1)-C(40)           107.28(12) 
            C(42)-Si(1)-C(40)           107.24(13) 
            N(7)-Si(1)-Ca(1)             38.76(5) 
            C(41)-Si(1)-Ca(1)           118.86(10) 
            C(42)-Si(1)-Ca(1)           134.52(10) 
            C(40)-Si(1)-Ca(1)            68.46(7) 
            N(7)-Si(2)-C(45)            115.14(10) 
            N(7)-Si(2)-C(44)            114.58(11) 
            C(45)-Si(2)-C(44)           106.13(12) 
            N(7)-Si(2)-C(43)            107.55(8) 
            C(45)-Si(2)-C(43)           106.11(12) 
            C(44)-Si(2)-C(43)           106.72(11) 
            N(7)-Si(2)-Ca(1)             39.34(6) 
            C(45)-Si(2)-Ca(1)           129.91(9) 
            C(44)-Si(2)-Ca(1)           123.43(9) 
            C(43)-Si(2)-Ca(1)            68.35(6) 
            N(7)-Ca(1)-N(6)             121.82(5) 
            N(7)-Ca(1)-N(4)             126.94(5) 
            N(6)-Ca(1)-N(4)              85.49(5) 
            N(7)-Ca(1)-N(2)             146.79(6) 
            N(6)-Ca(1)-N(2)              83.13(5) 
            N(4)-Ca(1)-N(2)              71.79(5) 
            N(7)-Ca(1)-Si(2)             28.54(4) 
            N(6)-Ca(1)-Si(2)            107.52(4) 
            N(4)-Ca(1)-Si(2)            104.68(4) 
            N(2)-Ca(1)-Si(2)            168.71(4) 
            N(7)-Ca(1)-Si(1)             28.17(4) 
            N(6)-Ca(1)-Si(1)            122.98(4) 
            N(4)-Ca(1)-Si(1)            148.20(4) 




            C(35)-C(34)-C(39)           118.78(19) 
            C(35)-C(34)-C(33)           120.05(17) 
            C(39)-C(34)-C(33)           120.91(18) 
            C(34)-C(35)-C(36)           120.5(2) 
            C(34)-C(35)-H(35)           119.8 
            C(36)-C(35)-H(35)           119.8 
            C(37)-C(36)-C(35)           120.0(2) 
            C(37)-C(36)-H(36)           120.0 
            C(35)-C(36)-H(36)           120.0 
 
            N(2)-Ca(1)-Si(1)            121.26(4) 
            Si(2)-Ca(1)-Si(1)            56.368(15) 
            N(5)-B(1)-N(1)              112.35(15) 
            N(5)-B(1)-N(3)              110.48(13) 
            N(1)-B(1)-N(3)              109.43(14) 
            N(5)-B(1)-H(1)              107.8(10) 
            N(1)-B(1)-H(1)              109.7(10) 




Table 15. Crystal data and structure refinement for 15 
Empirical formula                  C45 H34 B F12 N7 Si2 Sr 
Formula weight                     1055.40 
Temperature                        180(2) K 
Wavelength                        0.71073 A 
Crystal system, space group        Monoclinic, P 1 21/n 1 
Unit cell dimensions             a = 12.4947(5) A   alpha = 90 deg. 
 b = 23.5915(9) A    beta = 102.439(2) deg. 
 c = 18.7231(8) A   gamma = 90 deg. 
Volume    5389.4(4) A^3 
Z, Calculated density              4, 1.301 Mg/m^3 
Absorption coefficient             1.122 mm^-1 
F(000)                             2128 
Crystal size                       0.15 x 0.08 x 0.02 mm 
Theta range for data collection    1.41 to 25.35 deg. 
Limiting indices                   -15<=h<=12, -28<=k<=28, -22<=l<=22 
Reflections collected / unique     76833 / 9855 [R(int) = 0.0297] 
Completeness to theta = 25.35      99.9 % 
Absorption correction              Semi-empirical from equivalents 
Max. and min. transmission         0.976 and 0.897 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     9855 / 5 / 633 
Goodness-of-fit on F^2             1.038 
Final R indices [I>2sigma(I)]      R1 = 0.0337, wR2 = 0.0852 
R indices (all data)               R1 = 0.0435, wR2 = 0.0886 
Largest diff. peak and hole        0.241 and -0.273 e.A^-3 
 
 
Table 16. Bond lengths [Å] for 15 
 
            C(1)-C(2)                     1.386(3) 
            C(1)-C(6)                     1.392(3) 
            C(1)-C(7)                     1.474(3) 
            C(44)-H(44)                   0.9500 
            C(45)-C(46)                   1.393(3) 





            C(2)-C(3)                     1.387(3) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.378(4) 
            C(3)-H(3)                     0.9500 
            C(4)-C(5)                     1.380(3) 
            C(4)-H(4)                     0.9500 
            C(5)-C(6)                     1.375(3) 
            C(5)-H(5)                     0.9500 
            C(6)-H(6)                     0.9500 
            C(7)-N(1)                     1.323(3) 
            C(7)-C(8)                     1.422(3) 
            C(8)-C(13)                    1.403(3) 
            C(8)-C(9)                     1.403(3) 
            C(9)-N(2)                     1.363(2) 
            C(9)-C(10)                    1.404(3) 
            C(10)-F(10)                   1.341(3) 
            C(10)-C(11)                   1.361(3) 
            C(11)-F(11)                   1.343(3) 
            C(11)-C(12)                   1.397(4) 
            C(12)-F(12)                   1.346(3) 
            C(12)-C(13)                   1.351(3) 
            C(13)-F(13)                   1.341(3) 
            C(21)-C(22)                   1.387(3) 
            C(21)-C(26)                   1.396(3) 
            C(21)-C(27)                   1.477(3) 
            C(22)-C(23)                   1.387(3) 
            C(22)-H(22)                   0.9500 
            C(23)-C(24)                   1.380(4) 
            C(23)-H(23)                   0.9500 
            C(24)-C(25)                   1.383(4) 
            C(24)-H(24)                   0.9500 
            C(25)-C(26)                   1.388(3) 
            C(25)-H(25)                   0.9500 
            C(26)-Sr(1)                   3.232(2) 
            C(26)-H(26)                   0.947(10) 
            C(27)-N(3)                    1.320(3) 
            C(27)-C(28)                   1.422(3) 
            C(28)-C(29)                   1.400(3) 
            C(28)-C(33)                   1.416(3) 
            C(29)-F(29)                   1.346(2) 
            C(29)-C(30)                   1.357(3) 
            C(30)-F(30)                   1.345(2) 
            C(30)-C(31)                   1.394(3) 
            C(31)-F(31)                   1.344(2) 
            C(31)-C(32)                   1.363(3) 
            C(32)-F(32)                   1.341(2) 
            C(32)-C(33)                   1.403(3) 
            C(33)-N(4)                    1.367(3) 
            C(41)-C(46)                   1.391(3) 
            C(41)-C(42)                   1.396(3) 
            C(41)-C(47)                   1.471(3) 
            C(42)-C(43)                   1.388(3) 
            C(42)-H(42)                   0.9500 
            C(43)-C(44)                   1.380(4) 
            C(43)-H(43)                   0.9500 
            C(44)-C(45)                   1.373(3) 
 
            C(46)-Sr(1)                   3.358(2) 
            C(46)-H(46)                   0.943(10) 
            C(47)-N(5)                    1.323(3) 
            C(47)-C(48)                   1.431(3) 
            C(48)-C(49)                   1.403(3) 
            C(48)-C(53)                   1.404(3) 
            C(49)-F(49)                   1.344(3) 
            C(49)-C(50)                   1.355(3) 
            C(50)-F(50)                   1.344(2) 
            C(50)-C(51)                   1.403(3) 
            C(51)-F(51)                   1.342(2) 
            C(51)-C(52)                   1.362(3) 
            C(52)-F(52)                   1.335(2) 
            C(52)-C(53)                   1.409(3) 
            C(53)-N(6)                    1.378(2) 
            C(61)-Si(2)                   1.887(3) 
            C(61)-H(61A)                  0.9800 
            C(61)-H(61B)                  0.9800 
            C(61)-H(61C)                  0.9800 
            C(62)-Si(2)                   1.867(3) 
            C(62)-H(62A)                  0.9800 
            C(62)-H(62B)                  0.9800 
            C(62)-H(62C)                  0.9800 
            C(63)-Si(2)                   1.881(3) 
            C(63)-H(63A)                  0.9800 
            C(63)-H(63B)                  0.9800 
            C(63)-H(63C)                  0.9800 
            C(65)-Si(1)                   1.881(3) 
            C(65)-H(65A)                  0.9800 
            C(65)-H(65B)                  0.9800 
            C(65)-H(65C)                  0.9800 
            C(66)-Si(1)                   1.879(3) 
            C(66)-H(66A)                  0.9800 
            C(66)-H(66B)                  0.9800 
            C(66)-H(66C)                  0.9800 
            N(1)-N(2)                     1.376(2) 
            N(1)-Sr(1)                    2.6129(16) 
            N(2)-B(1)                     1.547(3) 
            N(3)-N(4)                     1.364(2) 
            N(3)-Sr(1)                    2.5784(16) 
            N(4)-B(1)                     1.561(3) 
            N(5)-N(6)                     1.370(2) 
            N(5)-Sr(1)                    2.7629(16) 
            N(6)-B(1)                     1.559(3) 
            N(7)-Si(1)                    1.683(2) 
            N(7)-Si(2)                    1.690(2) 
            N(7)-Sr(1)                    2.4219(18) 
            Si(1)-C(64)                   1.890(3) 
            Si(1)-Sr(1)                   3.3257(6) 
            Sr(1)-C(64)                   2.996(3) 
            Sr(1)-H(64D)                  2.81(3) 
            Sr(1)-H(64F)                  2.82(3) 
            B(1)-H(1)                     1.0000 
            C(64)-H(64D)                  1.010(17) 
            C(64)-H(64F)                  1.003(17) 
            C(64)-H(64E)                  0.981(17) 
 
 
Table 17. Angles [°] for 15 
            C(2)-C(1)-C(6)              118.75(19) 
            C(2)-C(1)-C(7)              119.77(18) 
            C(6)-C(1)-C(7)              121.45(19) 
            C(1)-C(2)-C(3)              120.7(2) 
            C(1)-C(2)-H(2)              119.7 
            C(3)-C(2)-H(2)              119.7 
            C(4)-C(3)-C(2)              119.9(2) 
            C(4)-C(3)-H(3)              120.0 
            C(2)-C(3)-H(3)              120.0 
            C(3)-C(4)-C(5)              119.7(2) 
            C(3)-C(4)-H(4)              120.1 
            C(5)-C(4)-H(4)              120.1 
            C(6)-C(5)-C(4)              120.6(2) 
            C(6)-C(5)-H(5)              119.7 
            C(4)-C(5)-H(5)              119.7 
            C(5)-C(6)-C(1)              120.3(2) 
            C(5)-C(6)-H(6)              119.8 
            C(1)-C(6)-H(6)              119.8 
            N(1)-C(7)-C(8)              109.38(17) 
            N(1)-C(7)-C(1)              119.98(17) 
            C(8)-C(7)-C(1)              130.46(17) 
            C(13)-C(8)-C(9)             119.96(19) 
            H(62A)-C(62)-H(62C)         109.5 
            H(62B)-C(62)-H(62C)         109.5 
            Si(2)-C(63)-H(63A)          109.5 
            Si(2)-C(63)-H(63B)          109.5 
            H(63A)-C(63)-H(63B)         109.5 
            Si(2)-C(63)-H(63C)          109.5 
            H(63A)-C(63)-H(63C)         109.5 
            H(63B)-C(63)-H(63C)         109.5 
            Si(1)-C(65)-H(65A)          109.5 
            Si(1)-C(65)-H(65B)          109.5 
            H(65A)-C(65)-H(65B)         109.5 
            Si(1)-C(65)-H(65C)          109.5 
            H(65A)-C(65)-H(65C)         109.5 
            H(65B)-C(65)-H(65C)         109.5 
            Si(1)-C(66)-H(66A)          109.5 
            Si(1)-C(66)-H(66B)          109.5 
            H(66A)-C(66)-H(66B)         109.5 
            Si(1)-C(66)-H(66C)          109.5 
            H(66A)-C(66)-H(66C)         109.5 
            H(66B)-C(66)-H(66C)         109.5 
            C(7)-N(1)-N(2)              109.07(15) 
            C(7)-N(1)-Sr(1)             124.46(12) 




            C(13)-C(8)-C(7)             135.3(2) 
            C(9)-C(8)-C(7)              104.74(17) 
            N(2)-C(9)-C(8)              108.47(17) 
            N(2)-C(9)-C(10)             131.87(19) 
            C(8)-C(9)-C(10)             119.66(18) 
            F(10)-C(10)-C(11)           118.9(2) 
            F(10)-C(10)-C(9)            122.43(19) 
            C(11)-C(10)-C(9)            118.6(2) 
            F(11)-C(11)-C(10)           120.0(2) 
            F(11)-C(11)-C(12)           118.2(2) 
            C(10)-C(11)-C(12)           121.8(2) 
            F(12)-C(12)-C(13)           121.1(2) 
            F(12)-C(12)-C(11)           118.4(2) 
            C(13)-C(12)-C(11)           120.5(2) 
            F(13)-C(13)-C(12)           119.8(2) 
            F(13)-C(13)-C(8)            120.7(2) 
            C(12)-C(13)-C(8)            119.5(2) 
            C(22)-C(21)-C(26)           118.88(19) 
            C(22)-C(21)-C(27)           122.80(19) 
            C(26)-C(21)-C(27)           118.19(19) 
            C(23)-C(22)-C(21)           120.2(2) 
            C(23)-C(22)-H(22)           119.9 
            C(21)-C(22)-H(22)           119.9 
            C(24)-C(23)-C(22)           120.6(2) 
            C(24)-C(23)-H(23)           119.7 
            C(22)-C(23)-H(23)           119.7 
            C(23)-C(24)-C(25)           119.8(2) 
            C(23)-C(24)-H(24)           120.1 
            C(25)-C(24)-H(24)           120.1 
            C(24)-C(25)-C(26)           119.8(2) 
            C(24)-C(25)-H(25)           120.1 
            C(26)-C(25)-H(25)           120.1 
            C(25)-C(26)-C(21)           120.6(2) 
            C(25)-C(26)-Sr(1)           112.72(16) 
            C(21)-C(26)-Sr(1)            87.95(13) 
            C(25)-C(26)-H(26)           118.3(15) 
            C(21)-C(26)-H(26)           121.0(15) 
            Sr(1)-C(26)-H(26)            73.0(15) 
            N(3)-C(27)-C(28)            109.35(17) 
            N(3)-C(27)-C(21)            116.62(18) 
            C(28)-C(27)-C(21)           134.02(18) 
            C(29)-C(28)-C(33)           119.53(18) 
            C(29)-C(28)-C(27)           136.27(19) 
            C(33)-C(28)-C(27)           104.19(17) 
            F(29)-C(29)-C(30)           119.96(19) 
            F(29)-C(29)-C(28)           120.60(18) 
            C(30)-C(29)-C(28)           119.4(2) 
            F(30)-C(30)-C(29)           120.9(2) 
            F(30)-C(30)-C(31)           118.4(2) 
            C(29)-C(30)-C(31)           120.7(2) 
            F(31)-C(31)-C(32)           119.9(2) 
            F(31)-C(31)-C(30)           118.0(2) 
            C(32)-C(31)-C(30)           122.1(2) 
            F(32)-C(32)-C(31)           119.37(19) 
            F(32)-C(32)-C(33)           122.45(19) 
            C(31)-C(32)-C(33)           118.18(19) 
            N(4)-C(33)-C(32)            131.56(19) 
            N(4)-C(33)-C(28)            108.36(17) 
            C(32)-C(33)-C(28)           120.08(19) 
            C(46)-C(41)-C(42)           118.40(19) 
            C(46)-C(41)-C(47)           120.65(19) 
            C(42)-C(41)-C(47)           120.68(19) 
            C(43)-C(42)-C(41)           120.1(2) 
            C(43)-C(42)-H(42)           119.9 
            C(41)-C(42)-H(42)           119.9 
            C(44)-C(43)-C(42)           120.7(2) 
            C(44)-C(43)-H(43)           119.7 
            C(42)-C(43)-H(43)           119.7 
            C(45)-C(44)-C(43)           119.9(2) 
            C(45)-C(44)-H(44)           120.0 
            C(43)-C(44)-H(44)           120.0 
            C(44)-C(45)-C(46)           119.8(2) 
            C(44)-C(45)-H(45)           120.1 
            C(46)-C(45)-H(45)           120.1 
            C(41)-C(46)-C(45)           121.0(2) 
            C(41)-C(46)-Sr(1)            95.48(13) 
            C(45)-C(46)-Sr(1)           111.90(15) 
            C(41)-C(46)-H(46)           118.5(14) 
            C(45)-C(46)-H(46)           120.5(14) 
            Sr(1)-C(46)-H(46)            63.2(14) 
            N(5)-C(47)-C(48)            109.67(17) 
            N(5)-C(47)-C(41)            118.39(18) 
            C(48)-C(47)-C(41)           131.66(19) 
            C(49)-C(48)-C(53)           119.57(19) 
            C(49)-C(48)-C(47)           136.0(2) 
            N(2)-N(1)-Sr(1)             125.16(11) 
            C(9)-N(2)-N(1)              108.33(15) 
            C(9)-N(2)-B(1)              130.07(16) 
            N(1)-N(2)-B(1)              121.02(15) 
            C(27)-N(3)-N(4)             109.90(16) 
            C(27)-N(3)-Sr(1)            119.47(12) 
            N(4)-N(3)-Sr(1)             125.39(12) 
            N(3)-N(4)-C(33)             108.16(15) 
            N(3)-N(4)-B(1)              119.50(16) 
            C(33)-N(4)-B(1)             132.09(16) 
            C(47)-N(5)-N(6)             109.23(15) 
            C(47)-N(5)-Sr(1)            125.21(12) 
            N(6)-N(5)-Sr(1)             123.33(12) 
            N(5)-N(6)-C(53)             108.30(15) 
            N(5)-N(6)-B(1)              120.94(15) 
            C(53)-N(6)-B(1)             127.34(16) 
            Si(1)-N(7)-Si(2)            126.42(11) 
            Si(1)-N(7)-Sr(1)            106.84(10) 
            Si(2)-N(7)-Sr(1)            126.74(10) 
            N(7)-Si(1)-C(66)            115.36(13) 
            N(7)-Si(1)-C(65)            115.21(13) 
            C(66)-Si(1)-C(65)           107.51(13) 
            N(7)-Si(1)-C(64)            107.45(11) 
            C(66)-Si(1)-C(64)           104.63(16) 
            C(65)-Si(1)-C(64)           105.74(14) 
            N(7)-Si(1)-Sr(1)             44.19(7) 
            C(66)-Si(1)-Sr(1)           126.24(10) 
            C(65)-Si(1)-Sr(1)           126.24(9) 
            C(64)-Si(1)-Sr(1)            63.26(8) 
            N(7)-Si(2)-C(62)            110.87(11) 
            N(7)-Si(2)-C(63)            114.50(13) 
            C(62)-Si(2)-C(63)           105.92(16) 
            N(7)-Si(2)-C(61)            113.42(12) 
            C(62)-Si(2)-C(61)           106.12(14) 
            C(63)-Si(2)-C(61)           105.35(14) 
            N(7)-Si(2)-Sr(1)             31.73(6) 
            C(62)-Si(2)-Sr(1)            79.22(9) 
            C(63)-Si(2)-Sr(1)           128.40(10) 
            C(61)-Si(2)-Sr(1)           122.78(10) 
            N(7)-Sr(1)-N(3)             106.91(6) 
            N(7)-Sr(1)-N(1)             104.69(6) 
            N(3)-Sr(1)-N(1)              78.20(5) 
            N(7)-Sr(1)-N(5)             166.96(6) 
            N(3)-Sr(1)-N(5)              62.36(5) 
            N(1)-Sr(1)-N(5)              66.97(5) 
            N(7)-Sr(1)-C(64)             63.26(8) 
            N(3)-Sr(1)-C(64)            147.84(7) 
            N(1)-Sr(1)-C(64)            133.11(7) 
            N(5)-Sr(1)-C(64)            129.78(7) 
            N(7)-Sr(1)-C(26)             94.02(6) 
            N(3)-Sr(1)-C(26)             57.17(5) 
            N(1)-Sr(1)-C(26)            135.04(5) 
            N(5)-Sr(1)-C(26)             86.11(5) 
            C(64)-Sr(1)-C(26)            91.83(7) 
            N(7)-Sr(1)-Si(1)             28.98(5) 
            N(3)-Sr(1)-Si(1)            130.12(4) 
            N(1)-Sr(1)-Si(1)            121.89(4) 
            N(5)-Sr(1)-Si(1)            164.07(4) 
            C(64)-Sr(1)-Si(1)            34.29(6) 
            C(26)-Sr(1)-Si(1)            93.72(4) 
            N(7)-Sr(1)-C(46)            136.97(6) 
            N(3)-Sr(1)-C(46)            106.49(5) 
            N(1)-Sr(1)-C(46)            108.05(5) 
            N(5)-Sr(1)-C(46)             55.99(5) 
            C(64)-Sr(1)-C(46)            74.01(7) 
            C(26)-Sr(1)-C(46)            82.05(6) 
            Si(1)-Sr(1)-C(46)           108.18(4) 
            N(7)-Sr(1)-Si(2)             21.53(5) 
            N(3)-Sr(1)-Si(2)             88.70(4) 
            N(1)-Sr(1)-Si(2)             90.05(4) 
            N(5)-Sr(1)-Si(2)            145.43(4) 
            C(64)-Sr(1)-Si(2)            84.79(6) 
            C(26)-Sr(1)-Si(2)            93.81(4) 
            Si(1)-Sr(1)-Si(2)            50.502(18) 
            C(46)-Sr(1)-Si(2)           158.19(4) 
            N(7)-Sr(1)-H(64D)            73.7(5) 
            N(3)-Sr(1)-H(64D)           131.2(4) 
            N(1)-Sr(1)-H(64D)           150.3(5) 
            N(5)-Sr(1)-H(64D)           118.6(5) 
            C(64)-Sr(1)-H(64D)           19.7(4) 
            C(26)-Sr(1)-H(64D)           74.0(4) 
            Si(1)-Sr(1)-H(64D)           46.6(5) 
            C(46)-Sr(1)-H(64D)           64.0(5) 
            Si(2)-Sr(1)-H(64D)           94.3(5) 





            C(53)-C(48)-C(47)           104.39(17) 
            F(49)-C(49)-C(50)           119.78(19) 
            F(49)-C(49)-C(48)           120.88(19) 
            C(50)-C(49)-C(48)           119.3(2) 
            F(50)-C(50)-C(49)           121.0(2) 
            F(50)-C(50)-C(51)           118.2(2) 
            C(49)-C(50)-C(51)           120.75(19) 
            F(51)-C(51)-C(52)           120.2(2) 
            F(51)-C(51)-C(50)           117.96(19) 
            C(52)-C(51)-C(50)           121.79(19) 
            F(52)-C(52)-C(51)           119.33(18) 
            F(52)-C(52)-C(53)           122.73(18) 
            C(51)-C(52)-C(53)           117.9(2) 
            N(6)-C(53)-C(48)            108.39(17) 
            N(6)-C(53)-C(52)            130.93(19) 
            C(48)-C(53)-C(52)           120.61(18) 
            Si(2)-C(61)-H(61A)          109.5 
            Si(2)-C(61)-H(61B)          109.5 
            H(61A)-C(61)-H(61B)         109.5 
            Si(2)-C(61)-H(61C)          109.5 
            H(61A)-C(61)-H(61C)         109.5 
            H(61B)-C(61)-H(61C)         109.5 
            Si(2)-C(62)-H(62A)          109.5 
            Si(2)-C(62)-H(62B)          109.5 
            H(62A)-C(62)-H(62B)         109.5 
            Si(2)-C(62)-H(62C)          109.5 
 
            N(3)-Sr(1)-H(64F)           165.5(5) 
            N(1)-Sr(1)-H(64F)           116.0(4) 
            N(5)-Sr(1)-H(64F)           118.8(5) 
            C(64)-Sr(1)-H(64F)           19.6(3) 
            C(26)-Sr(1)-H(64F)          108.4(4) 
            Si(1)-Sr(1)-H(64F)           46.3(5) 
            C(46)-Sr(1)-H(64F)           67.4(6) 
            Si(2)-Sr(1)-H(64F)           94.1(5) 
            H(64D)-Sr(1)-H(64F)          34.4(6) 
            N(2)-B(1)-N(6)              109.65(16) 
            N(2)-B(1)-N(4)              110.94(16) 
            N(6)-B(1)-N(4)              107.63(16) 
            N(2)-B(1)-H(1)              109.5 
            N(6)-B(1)-H(1)              109.5 
            N(4)-B(1)-H(1)              109.5 
            Si(1)-C(64)-Sr(1)            82.45(9) 
            Si(1)-C(64)-H(64D)          113.7(17) 
            Sr(1)-C(64)-H(64D)           69.7(16) 
            Si(1)-C(64)-H(64F)          112.8(17) 
            Sr(1)-C(64)-H(64F)           70.0(16) 
            H(64D)-C(64)-H(64F)         112(2) 
            Si(1)-C(64)-H(64E)          111.4(17) 
            Sr(1)-C(64)-H(64E)          166.1(17) 
            H(64D)-C(64)-H(64E)         104(2) 
            H(64F)-C(64)-H(64E)         102(2) 
 
 
Table 18. Crystal data and structure refinement for 17 
Empirical formula                  C43 H30 B Ca F12 N7 Si2, C5 H12 
Formula weight                     1051.96 
Temperature                        193(2) K 
Wavelength                         0.71073 A 
Crystal system, space group        monoclinic,  P 21/c 
Unit cell dimensions     a = 12.4957(3) A   alpha = 90 deg. 
 b = 18.2959(5) A    beta = 98.6120(10) deg. 
 c = 21.9285(6) A   gamma = 90 deg. 
Volume                             4956.8(2) A^3 
Z, Calculated density              4,  1.410 Mg/m^3 
Absorption coefficient             0.262 mm^-1 
F(000)                            2160 
Crystal size                       0.12 x 0.10 x 0.08 mm 
Theta range for data collection    5.12 to 24.73 deg. 
Limiting indices                   -14<=h<=14, -21<=k<=21, -25<=l<=25 
Reflections collected / unique     50899 / 8326 [R(int) = 0.0625] 
Completeness to theta = 24.73      98.3 % 
Max. and min. transmission         0.9793 and 0.9692 
Refinement method                  Full-matrix least-squares on F^2 




Data / restraints / parameters     8326 / 153 / 703 
Goodness-of-fit on F^2             1.028 
Final R indices [I>2sigma(I)]      R1 = 0.0435, wR2 = 0.0941 
R indices (all data)               R1 = 0.0821, wR2 = 0.1082 
Largest diff. peak and hole        0.259 and -0.324 e.A^-3 
 
 
Table 19. Bond lengths [Å] for 17 
            C(1)-N(1)                     1.371(3) 
            C(1)-C(2)                     1.400(4) 
            C(1)-C(6)                     1.410(4) 
            C(2)-F(1)                     1.345(3) 
            C(2)-C(3)                     1.363(4) 
            C(3)-F(2)                     1.346(3) 
            C(3)-C(4)                     1.398(4) 
            C(4)-C(5)                     1.343(4) 
            C(4)-F(3)                     1.352(3) 
            C(5)-F(4)                     1.350(3) 
            C(5)-C(6)                     1.406(4) 
            C(6)-C(7)                     1.412(4) 
            C(7)-N(2)                     1.336(3) 
            C(7)-C(8)                     1.477(4) 
            C(8)-C(13)                    1.390(4) 
            C(8)-C(9)                     1.394(4) 
            C(9)-C(10)                    1.380(4) 
            C(9)-H(9)                     0.9500 
            C(10)-C(11)                   1.373(5) 
            C(10)-H(10)                   0.9500 
            C(11)-C(12)                   1.384(5) 
            C(11)-H(11)                   0.9500 
            C(12)-C(13)                   1.383(4) 
            C(12)-H(12)                   0.9500 
            C(13)-H(13)                   0.9500 
            C(14)-N(3)                    1.361(3) 
            C(14)-C(15)                   1.403(4) 
            C(14)-C(19)                   1.418(4) 
            C(15)-F(5)                    1.350(3) 
            C(15)-C(16)                   1.352(4) 
            C(16)-F(6)                    1.345(3) 
            C(16)-C(17)                   1.405(4) 
            C(17)-F(7)                    1.346(3) 
            C(17)-C(18)                   1.351(4) 
            C(18)-F(8)                    1.351(3) 
            C(18)-C(19)                   1.407(4) 
            C(19)-C(20)                   1.416(3) 
            C(20)-N(4)                    1.333(3) 
            C(20)-C(21)                   1.477(4) 
            C(21)-C(22)                   1.391(4) 
            C(21)-C(26)                   1.398(4) 
            C(22)-C(23)                   1.384(4) 
            C(22)-H(22)                   0.9500 
            C(23)-C(24)                   1.371(4) 
            C(23)-H(23)                   0.9500 
            C(24)-C(25)                   1.378(4) 
            C(24)-H(24)                   0.9500 
            C(25)-C(26)                   1.375(4) 
            C(25)-H(25)                   0.9500 
            C(26)-H(26)                   0.9500 
            C(27)-N(5)                    1.366(3) 
            C(27)-C(28)                   1.406(4) 
            C(27)-C(32)                   1.409(3) 
            C(28)-F(9)                    1.345(3) 
            C(28)-C(29)                   1.365(4) 
            C(29)-F(10)                   1.346(3) 
            C(29)-C(30)                   1.398(4) 
            C(30)-C(31)                   1.347(4) 
            C(30)-F(11)                   1.353(3) 
            C(31)-F(12)                   1.357(3) 
            C(31)-C(32)                   1.407(4) 
            C(32)-C(33)                   1.416(4) 
            C(33)-N(6)                    1.336(3) 
            C(33)-C(34)                   1.474(4) 
            C(34)-C(39)                   1.392(4) 
            C(34)-C(35)                   1.395(4) 
            C(35)-C(36)                   1.376(4) 
            C(35)-H(35)                   0.9500 
            C(36)-C(37)                   1.366(5) 
            C(36)-H(36)                   0.9500 
 
            C(37)-C(38)                   1.388(5) 
            C(37)-H(37)                   0.9500 
            C(38)-C(39)                   1.394(4) 
            C(38)-H(38)                   0.9500 
            C(39)-H(39)                   0.9500 
            C(40)-Si(1)                   1.868(4) 
            C(40)-H(40A)                  0.9800 
            C(40)-H(40B)                  0.9800 
            C(40)-H(40C)                  0.9800 
            C(41)-Si(1)                   1.875(4) 
            C(41)-H(41A)                  0.9800 
            C(41)-H(41B)                  0.9800 
            C(41)-H(41C)                  0.9800 
            C(42)-Si(2)                   1.869(3) 
            C(42)-H(42A)                  0.9800 
            C(42)-H(42B)                  0.9800 
            C(42)-H(42C)                  0.9800 
            C(43)-Si(2)                   1.859(3) 
            C(43)-H(43A)                  0.9800 
            C(43)-H(43B)                  0.9800 
            C(43)-H(43C)                  0.9800 
            B(1)-N(1)                     1.550(4) 
            B(1)-N(5)                     1.557(3) 
            B(1)-N(3)                     1.559(4) 
            B(1)-H(1)                     1.09(2) 
            N(1)-N(2)                     1.371(3) 
            N(2)-Ca(1)                    2.481(2) 
            N(3)-N(4)                     1.379(3) 
            N(4)-Ca(1)                    2.474(2) 
            N(5)-N(6)                     1.377(3) 
            N(6)-Ca(1)                    2.458(2) 
            N(7)-Si(2)                    1.685(2) 
            N(7)-Si(1)                    1.688(2) 
            N(7)-Ca(1)                    2.261(2) 
            Si(1)-H(1A)                   1.47(3) 
            Si(2)-Ca(1)                   3.0003(9) 
            Si(2)-H(2A)                   1.47(2) 
            Ca(1)-H(2A)                   2.41(2) 
            C(44)-C(45)                   1.402(10) 
            C(44)-H(44A)                  0.9800 
            C(44)-H(44B)                  0.9800 
            C(44)-H(44C)                  0.9800 
            C(45)-C(46)                   1.443(9) 
            C(45)-H(45A)                  0.9900 
            C(45)-H(45B)                  0.9900 
            C(46)-C(47)                   1.431(9) 
            C(46)-H(46A)                  0.9900 
            C(47)-C(48)                   1.393(9) 
            C(47)-H(47A)                  0.9900 
            C(47)-H(47B)                  0.9900 
            C(48)-H(48A)                  0.9800 
            C(48)-H(48B)                  0.9800 
            C(48)-H(48C)                  0.9800 
            C(44')-C(45')                 1.376(15) 
            C(44')-H(44D)                 0.9800 
            C(44')-H(44E)                 0.9800 
            C(44')-H(44F)                 0.9800 
            C(45')-C(46')                 1.442(15) 
            C(45')-H(45C)                 0.9900 
            C(45')-H(45D)                 0.9900 
            C(46')-C(47')                 1.420(14) 
            C(46')-H(46C)                 0.9900 
            C(46')-H(46D)                 0.9900 
            C(47')-C(48')                 1.388(15) 
            C(47')-H(47C)                 0.9900 
            C(47')-H(47D)                 0.9900 
            C(48')-H(48D)                 0.9800 
            C(48')-H(48E)                 0.9800 







Table 20. Angles [°] for 17 
            N(1)-C(1)-C(2)              132.3(2) 
            N(1)-C(1)-C(6)              107.8(2) 
            C(2)-C(1)-C(6)              119.8(2) 
            F(1)-C(2)-C(3)              118.8(2) 
            F(1)-C(2)-C(1)              122.7(2) 
            C(3)-C(2)-C(1)              118.5(3) 
            F(2)-C(3)-C(2)              119.7(3) 
            F(2)-C(3)-C(4)              118.4(3) 
            C(2)-C(3)-C(4)              122.0(3) 
            C(5)-C(4)-F(3)              121.7(3) 
            C(5)-C(4)-C(3)              120.2(3) 
            F(3)-C(4)-C(3)              118.1(3) 
            C(4)-C(5)-F(4)              119.6(2) 
            C(4)-C(5)-C(6)              120.1(3) 
            F(4)-C(5)-C(6)              120.3(3) 
            C(5)-C(6)-C(1)              119.3(2) 
            C(5)-C(6)-C(7)              135.3(3) 
            C(1)-C(6)-C(7)              105.2(2) 
            N(2)-C(7)-C(6)              109.4(2) 
            N(2)-C(7)-C(8)              120.3(2) 
            C(6)-C(7)-C(8)              130.3(2) 
            C(13)-C(8)-C(9)             119.1(3) 
            C(13)-C(8)-C(7)             120.1(2) 
            C(9)-C(8)-C(7)              120.8(2) 
            C(10)-C(9)-C(8)             119.9(3) 
            C(10)-C(9)-H(9)             120.1 
            C(8)-C(9)-H(9)              120.1 
            C(11)-C(10)-C(9)            120.7(3) 
            C(11)-C(10)-H(10)           119.7 
            C(9)-C(10)-H(10)            119.7 
            C(10)-C(11)-C(12)           120.1(3) 
            C(10)-C(11)-H(11)           120.0 
            C(12)-C(11)-H(11)           120.0 
            C(13)-C(12)-C(11)           119.7(3) 
            C(13)-C(12)-H(12)           120.2 
            C(11)-C(12)-H(12)           120.2 
            C(12)-C(13)-C(8)            120.6(3) 
            C(12)-C(13)-H(13)           119.7 
            C(8)-C(13)-H(13)            119.7 
            N(3)-C(14)-C(15)            132.0(2) 
            N(3)-C(14)-C(19)            108.1(2) 
            C(15)-C(14)-C(19)           119.7(2) 
            F(5)-C(15)-C(16)            118.5(2) 
            F(5)-C(15)-C(14)            122.5(2) 
            C(16)-C(15)-C(14)           118.9(2) 
            F(6)-C(16)-C(15)            119.4(2) 
            F(6)-C(16)-C(17)            118.6(2) 
            C(15)-C(16)-C(17)           122.0(2) 
            F(7)-C(17)-C(18)            121.0(3) 
            F(7)-C(17)-C(16)            118.9(2) 
            C(18)-C(17)-C(16)           120.1(2) 
            F(8)-C(18)-C(17)            118.9(2) 
            F(8)-C(18)-C(19)            121.0(2) 
            C(17)-C(18)-C(19)           120.1(2) 
            C(18)-C(19)-C(20)           135.9(2) 
            C(18)-C(19)-C(14)           119.1(2) 
            C(20)-C(19)-C(14)           104.7(2) 
            N(4)-C(20)-C(19)            109.7(2) 
            N(4)-C(20)-C(21)            120.1(2) 
            C(19)-C(20)-C(21)           129.9(2) 
            C(22)-C(21)-C(26)           118.5(2) 
            C(22)-C(21)-C(20)           122.1(2) 
            C(26)-C(21)-C(20)           119.3(2) 
            C(23)-C(22)-C(21)           120.5(3) 
            C(23)-C(22)-H(22)           119.8 
            C(21)-C(22)-H(22)           119.8 
            C(24)-C(23)-C(22)           120.2(3) 
            C(24)-C(23)-H(23)           119.9 
            C(22)-C(23)-H(23)           119.9 
            C(23)-C(24)-C(25)           120.1(3) 
            C(23)-C(24)-H(24)           120.0 
            C(25)-C(24)-H(24)           120.0 
            C(26)-C(25)-C(24)           120.4(3) 
            C(26)-C(25)-H(25)           119.8 
            C(24)-C(25)-H(25)           119.8 
            C(25)-C(26)-C(21)           120.4(3) 
            C(25)-C(26)-H(26)           119.8 
            C(21)-C(26)-H(26)           119.8 
            N(5)-C(27)-C(28)            131.8(2) 
            N(5)-C(27)-C(32)            108.2(2) 
            C(28)-C(27)-C(32)           120.0(2) 
            F(9)-C(28)-C(29)            118.5(2) 
            F(9)-C(28)-C(27)            123.0(2) 
            C(29)-C(28)-C(27)           118.4(2) 
            F(10)-C(29)-C(28)           119.9(2) 
            Si(2)-C(42)-H(42B)          109.5 
            H(42A)-C(42)-H(42B)         109.5 
            Si(2)-C(42)-H(42C)          109.5 
            H(42A)-C(42)-H(42C)         109.5 
            H(42B)-C(42)-H(42C)         109.5 
            Si(2)-C(43)-H(43A)          109.5 
            Si(2)-C(43)-H(43B)          109.5 
            H(43A)-C(43)-H(43B)         109.5 
            Si(2)-C(43)-H(43C)          109.5 
            H(43A)-C(43)-H(43C)         109.5 
            H(43B)-C(43)-H(43C)         109.5 
            N(1)-B(1)-N(5)              110.8(2) 
            N(1)-B(1)-N(3)              109.0(2) 
            N(5)-B(1)-N(3)              110.7(2) 
            N(1)-B(1)-H(1)              106.6(12) 
            N(5)-B(1)-H(1)              110.4(12) 
            N(3)-B(1)-H(1)              109.2(12) 
            C(1)-N(1)-N(2)              108.75(19) 
            C(1)-N(1)-B(1)              128.4(2) 
            N(2)-N(1)-B(1)              122.4(2) 
            C(7)-N(2)-N(1)              108.8(2) 
            C(7)-N(2)-Ca(1)             130.86(17) 
            N(1)-N(2)-Ca(1)             119.40(14) 
            C(14)-N(3)-N(4)             108.8(2) 
            C(14)-N(3)-B(1)             128.9(2) 
            N(4)-N(3)-B(1)              121.3(2) 
            C(20)-N(4)-N(3)             108.6(2) 
            C(20)-N(4)-Ca(1)            131.53(17) 
            N(3)-N(4)-Ca(1)             119.84(15) 
            C(27)-N(5)-N(6)             108.69(19) 
            C(27)-N(5)-B(1)             128.1(2) 
            N(6)-N(5)-B(1)              122.97(19) 
            C(33)-N(6)-N(5)             108.61(19) 
            C(33)-N(6)-Ca(1)            132.36(16) 
            N(5)-N(6)-Ca(1)             118.78(14) 
            Si(2)-N(7)-Si(1)            127.07(14) 
            Si(2)-N(7)-Ca(1)             97.92(10) 
            Si(1)-N(7)-Ca(1)            134.99(13) 
            N(7)-Si(1)-C(40)            110.96(16) 
            N(7)-Si(1)-C(41)            113.83(15) 
            C(40)-Si(1)-C(41)           108.5(2) 
            N(7)-Si(1)-H(1A)            109.8(12) 
            C(40)-Si(1)-H(1A)           110.0(12) 
            C(41)-Si(1)-H(1A)           103.4(12) 
            N(7)-Si(2)-C(43)            116.54(13) 
            N(7)-Si(2)-C(42)            118.14(14) 
            C(43)-Si(2)-C(42)           106.69(14) 
            N(7)-Si(2)-Ca(1)             48.28(8) 
            C(43)-Si(2)-Ca(1)           119.77(10) 
            C(42)-Si(2)-Ca(1)           132.63(10) 
            N(7)-Si(2)-H(2A)            100.7(9) 
            C(43)-Si(2)-H(2A)           105.8(9) 
            C(42)-Si(2)-H(2A)           107.8(9) 
            Ca(1)-Si(2)-H(2A)            52.8(9) 
            N(7)-Ca(1)-N(6)             125.26(8) 
            N(7)-Ca(1)-N(4)             133.31(8) 
            N(6)-Ca(1)-N(4)              82.40(7) 
            N(7)-Ca(1)-N(2)             141.26(8) 
            N(6)-Ca(1)-N(2)              75.80(7) 
            N(4)-Ca(1)-N(2)              75.97(7) 
            N(7)-Ca(1)-Si(2)             33.80(6) 
            N(6)-Ca(1)-Si(2)            110.56(5) 
            N(4)-Ca(1)-Si(2)            105.84(5) 
            N(2)-Ca(1)-Si(2)            173.47(5) 
            N(7)-Ca(1)-H(2A)             62.6(6) 
            N(6)-Ca(1)-H(2A)             96.5(6) 
            N(4)-Ca(1)-H(2A)             79.0(6) 
            N(2)-Ca(1)-H(2A)            154.6(6) 
            Si(2)-Ca(1)-H(2A)            29.0(5) 
            C(45)-C(44)-H(44A)          109.5 
            C(45)-C(44)-H(44B)          109.5 
            H(44A)-C(44)-H(44B)         109.5 
            C(45)-C(44)-H(44C)          109.5 
            H(44A)-C(44)-H(44C)         109.5 
            H(44B)-C(44)-H(44C)         109.5 
            C(44)-C(45)-C(46)           124.4(9) 
            C(44)-C(45)-H(45A)          106.2 
            C(46)-C(45)-H(45A)          106.2 
            C(44)-C(45)-H(45B)          106.2 
            C(46)-C(45)-H(45B)          106.2 
            H(45A)-C(45)-H(45B)         106.4 
            C(47)-C(46)-C(45)           125.0(7) 
            C(47)-C(46)-H(46A)          106.1 
            C(45)-C(46)-H(46A)          106.1 
            C(47)-C(46)-H(46B)          106.1 




            F(10)-C(29)-C(30)           118.5(2) 
            C(28)-C(29)-C(30)           121.7(3) 
            C(31)-C(30)-F(11)           121.4(2) 
            C(31)-C(30)-C(29)           120.6(2) 
            F(11)-C(30)-C(29)           118.0(2) 
            C(30)-C(31)-F(12)           119.3(2) 
            C(30)-C(31)-C(32)           119.9(2) 
            F(12)-C(31)-C(32)           120.8(2) 
            C(31)-C(32)-C(27)           119.2(2) 
            C(31)-C(32)-C(33)           135.7(2) 
            C(27)-C(32)-C(33)           105.0(2) 
            N(6)-C(33)-C(32)            109.5(2) 
            N(6)-C(33)-C(34)            120.1(2) 
            C(32)-C(33)-C(34)           130.4(2) 
            C(39)-C(34)-C(35)           118.8(3) 
            C(39)-C(34)-C(33)           120.4(2) 
            C(35)-C(34)-C(33)           120.8(3) 
            C(36)-C(35)-C(34)           120.8(3) 
            C(36)-C(35)-H(35)           119.6 
            C(34)-C(35)-H(35)           119.6 
            C(37)-C(36)-C(35)           120.1(3) 
            C(37)-C(36)-H(36)           120.0 
            C(35)-C(36)-H(36)           120.0 
            C(36)-C(37)-C(38)           120.8(3) 
            C(36)-C(37)-H(37)           119.6 
            C(38)-C(37)-H(37)           119.6 
            C(37)-C(38)-C(39)           119.3(3) 
            C(37)-C(38)-H(38)           120.4 
            C(39)-C(38)-H(38)           120.4 
            C(34)-C(39)-C(38)           120.3(3) 
            C(34)-C(39)-H(39)           119.9 
            C(38)-C(39)-H(39)           119.9 
            Si(1)-C(40)-H(40A)          109.5 
            Si(1)-C(40)-H(40B)          109.5 
            H(40A)-C(40)-H(40B)         109.5 
            Si(1)-C(40)-H(40C)          109.5 
            H(40A)-C(40)-H(40C)         109.5 
            H(40B)-C(40)-H(40C)         109.5 
            Si(1)-C(41)-H(41A)          109.5 
            Si(1)-C(41)-H(41B)          109.5 
            H(41A)-C(41)-H(41B)         109.5 
            Si(1)-C(41)-H(41C)          109.5 
            H(41A)-C(41)-H(41C)         109.5 
            H(41B)-C(41)-H(41C)         109.5 
            Si(2)-C(42)-H(42A)          109.5 
 
            C(45)-C(46)-H(46B)          106.1 
            H(46A)-C(46)-H(46B)         106.3 
            C(48)-C(47)-C(46)           123.6(8) 
            C(48)-C(47)-H(47A)          106.4 
            C(46)-C(47)-H(47A)          106.4 
            C(48)-C(47)-H(47B)          106.4 
            C(46)-C(47)-H(47B)          106.4 
            H(47A)-C(47)-H(47B)         106.5 
            C(47)-C(48)-H(48A)          109.5 
            C(47)-C(48)-H(48B)          109.5 
            H(48A)-C(48)-H(48B)         109.5 
            C(47)-C(48)-H(48C)          109.5 
            H(48A)-C(48)-H(48C)         109.5 
            H(48B)-C(48)-H(48C)         109.5 
            C(45')-C(44')-H(44D)        109.5 
            C(45')-C(44')-H(44E)        109.5 
            H(44D)-C(44')-H(44E)        109.5 
            C(45')-C(44')-H(44F)        109.5 
            H(44D)-C(44')-H(44F)        109.5 
            H(44E)-C(44')-H(44F)        109.5 
            C(44')-C(45')-C(46')        120(2) 
            C(44')-C(45')-H(45C)        107.4 
            C(46')-C(45')-H(45C)        107.4 
            C(44')-C(45')-H(45D)        107.4 
            C(46')-C(45')-H(45D)        107.4 
            H(45C)-C(45')-H(45D)        107.0 
            C(47')-C(46')-C(45')        126(2) 
            C(47')-C(46')-H(46C)        105.7 
            C(45')-C(46')-H(46C)        105.7 
            C(47')-C(46')-H(46D)        105.7 
            C(45')-C(46')-H(46D)        105.7 
            H(46C)-C(46')-H(46D)        106.2 
            C(48')-C(47')-C(46')        120.4(19) 
            C(48')-C(47')-H(47C)        107.2 
            C(46')-C(47')-H(47C)        107.2 
            C(48')-C(47')-H(47D)        107.2 
            C(46')-C(47')-H(47D)        107.2 
            H(47C)-C(47')-H(47D)        106.9 
            C(47')-C(48')-H(48D)        109.5 
            C(47')-C(48')-H(48E)        109.5 
            H(48D)-C(48')-H(48E)        109.5 
            C(47')-C(48')-H(48F)        109.5 
            H(48D)-C(48')-H(48F)        109.5 
            H(48E)-C(48')-H(48F)        109.5 
 
 
Table 21. Crystal data and structure refinement for 21 
Empirical formula                  C122 H74 B2 Ca2 F24 N12  
Formula weight                     2265.71 
Temperature    293(2) K 
Wavelength    0.71073 A 
Crystal system, space group        Triclinic,  P -1 
Unit cell dimensions              a = 13.9485(9) A alpha = 84.846(5) deg. 
 b = 16.9908(11) A beta = 80.844(5) deg. 
 c = 25.0551(16) A gamma = 84.820(5) deg. 





Z, Calculated density              2,  1.293 Mg/m^3 
Absorption coefficient 0.189 mm^-1 
F(000)                             2312 
Crystal size                       0.2 x 0.2 x 0.1 mm 
Theta range for data collection    5.101 to 26.373 deg. 
Limiting indices                   -17<=h<=17, -21<=k<=21, -31<=l<=31 
Reflections collected / unique     62337 / 23638 [R(int) = 0.1731] 
Completeness to theta = 25.242     99.1 % 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     23638 / 179 / 1470 
Goodness-of-fit on F^2             0.818 
Final R indices [I>2sigma(I)]      R1 = 0.0949, wR2 = 0.1967 
R indices (all data)               R1 = 0.2619, wR2 = 0.2680 
Extinction coefficient             n/a 
Largest diff. peak and hole        0.478 and -0.402 e.A^-3 
 
 
Table 22. Bond lengths [Å] for 21 
 
            Ca(1)-N(5)                    2.449(6) 
            Ca(1)-N(3)                    2.485(5) 
            Ca(1)-C(48)                   2.492(7) 
            Ca(1)-N(1)                    2.562(5) 
            Ca(1)-C(1)                    2.602(6) 
            Ca(1)-C(2)                    2.841(6) 
            Ca(1)-Ca(2)                   3.7639(19) 
            Ca(2)-N(11)                   2.497(5) 
            Ca(2)-C(1)                    2.542(7) 
            Ca(2)-C(48)                   2.568(7) 
            Ca(2)-N(9)                    2.574(5) 
            Ca(2)-N(7)                    2.578(5) 
            Ca(2)-C(33)                   2.986(6) 
            Ca(2)-C(49)                   3.025(7) 
            B(2)-N(8)                     1.521(9) 
            B(2)-N(10)                    1.560(9) 
            B(2)-N(12)                    1.565(9) 
            B(2)-H(2)                     1.01(2) 
            B(1)-N(4)                     1.534(9) 
            B(1)-N(2)                     1.549(9) 
            B(1)-N(6)                     1.564(9) 
            B(1)-H(1)                     1.01(2) 
            F(1)-C(15)                    1.363(8) 
            F(2)-C(14)                    1.348(8) 
            F(3)-C(13)                    1.365(8) 
            F(4)-C(12)                    1.347(8) 
            F(5)-C(28)                    1.340(7) 
            F(6)-C(27)                    1.335(8) 
            F(7)-C(26)                    1.351(7) 
            F(8)-C(25)                    1.364(8) 
            F(9)-C(41)                    1.340(8) 
            F(10)-C(40)                   1.359(8) 
            F(11)-C(39)                   1.367(8) 
            F(12)-C(38)                   1.355(8) 
            F(13)-C(62)                   1.341(7) 
            F(14)-C(61)                   1.336(7) 
            F(15)-C(60)                   1.331(7) 
            F(16)-C(59)                   1.345(7) 
            F(17)-C(75)                   1.359(7) 
            F(18)-C(74)                   1.340(7) 
            F(19)-C(73)                   1.352(7) 
            F(20)-C(72)                   1.353(7) 
            F(21)-C(88)                   1.363(7) 
            F(22)-C(87)                   1.374(7) 
            F(23)-C(86)                   1.340(7) 
            F(24)-C(85)                   1.333(7) 
            N(1)-C(9)                     1.324(8) 
            N(1)-N(2)                     1.393(7) 
            N(2)-C(11)                    1.367(8) 
            N(3)-C(22)                    1.329(8) 
            N(3)-N(4)                     1.365(6) 
            N(4)-C(24)                    1.381(8) 
            N(5)-C(35)                    1.321(8) 
            N(5)-N(6)                     1.383(7) 
            N(6)-C(37)                    1.380(8) 
            N(7)-C(56)                    1.311(7) 
            N(7)-N(8)                     1.395(6) 
            N(8)-C(58)                    1.362(7) 
            N(9)-C(69)                    1.325(7) 
            C(31)-C(32)                   1.395(9) 
            C(31)-H(31)                   0.9300 
            C(32)-C(33)                   1.372(8) 
            C(32)-H(32)                   0.9300 
            C(33)-C(34)                   1.394(8) 
            C(33)-H(33)                   0.9800 
            C(34)-H(34)                   0.9300 
            C(35)-C(36)                   1.429(9) 
            C(35)-C(42)                   1.475(9) 
            C(36)-C(37)                   1.376(9) 
            C(36)-C(41)                   1.383(9) 
            C(37)-C(38)                   1.416(10) 
            C(38)-C(39)                   1.345(10) 
            C(39)-C(40)                   1.397(11) 
            C(40)-C(41)                   1.390(11) 
            C(42)-C(47)                   1.379(9) 
            C(42)-C(43)                   1.402(9) 
            C(43)-C(44)                   1.401(10) 
            C(43)-H(43)                   0.9300 
            C(44)-C(45)                   1.363(10) 
            C(44)-H(44)                   0.9300 
            C(45)-C(46)                   1.359(10) 
            C(45)-H(45)                   0.9300 
            C(46)-C(47)                   1.403(9) 
            C(46)-H(46)                   0.9300 
            C(47)-H(47)                   0.9300 
            C(48)-C(49)                   1.187(9) 
            C(49)-C(50)                   1.457(9) 
            C(50)-C(51)                   1.392(10) 
            C(50)-C(55)                   1.406(10) 
            C(51)-C(52)                   1.433(10) 
            C(51)-H(51)                   0.9300 
            C(52)-C(53)                   1.387(13) 
            C(52)-H(52)                   0.9300 
            C(53)-C(54)                   1.379(14) 
            C(53)-H(53)                   0.9300 
            C(54)-C(55)                   1.407(10) 
            C(54)-H(54)                   0.9300 
            C(55)-H(55)                   0.9300 
            C(56)-C(57)                   1.393(8) 
            C(56)-C(63)                   1.538(9) 
            C(57)-C(62)                   1.401(8) 
            C(57)-C(58)                   1.406(8) 
            C(58)-C(59)                   1.399(9) 
            C(59)-C(60)                   1.368(9) 
            C(60)-C(61)                   1.404(10) 
            C(61)-C(62)                   1.369(9) 
            C(63)-C(64)                   1.385(9) 
            C(63)-C(68)                   1.402(9) 
            C(64)-C(65)                   1.368(9) 
            C(64)-H(64)                   0.9300 
            C(65)-C(66)                   1.389(10) 
            C(65)-H(65)                   0.9300 
            C(66)-C(67)                   1.375(10) 
            C(66)-H(66)                   0.9300 
            C(67)-C(68)                   1.390(9) 
            C(67)-H(67)                   0.9300 
            C(68)-H(68)                   0.9300 
            C(69)-C(70)                   1.432(8) 




            N(9)-N(10)                    1.393(6) 
            N(10)-C(71)                   1.377(8) 
            N(11)-C(82)                   1.309(7) 
            N(11)-N(12)                   1.387(7) 
            N(12)-C(84)                   1.367(7) 
            C(1)-C(2)                     1.197(8) 
            C(2)-C(3)                     1.446(9) 
            C(3)-C(4)                     1.399(9) 
            C(3)-C(8)                     1.404(9) 
            C(4)-C(5)                     1.388(9) 
            C(4)-H(4)                     0.9300 
            C(5)-C(6)                     1.358(10) 
            C(5)-H(5)                     0.9300 
            C(6)-C(7)                     1.354(10) 
            C(6)-H(6)                     0.9300 
            C(7)-C(8)                     1.399(10) 
            C(7)-H(7)                     0.9300 
            C(8)-H(8)                     0.9300 
            C(9)-C(10)                    1.413(9) 
            C(9)-C(16)                    1.475(9) 
            C(10)-C(15)                   1.370(9) 
            C(10)-C(11)                   1.397(9) 
            C(11)-C(12)                   1.409(9) 
            C(12)-C(13)                   1.338(9) 
            C(13)-C(14)                   1.414(10) 
            C(14)-C(15)                   1.371(10) 
            C(16)-C(17)                   1.370(10) 
            C(16)-C(21)                   1.378(10) 
            C(17)-C(18)                   1.409(10) 
            C(17)-H(17)                   0.9300 
            C(18)-C(19)                   1.352(11) 
            C(18)-H(18)                   0.9300 
            C(19)-C(20)                   1.388(11) 
            C(19)-H(19)                   0.9300 
            C(20)-C(21)                   1.377(10) 
            C(20)-H(20)                   0.9300 
            C(21)-H(21)                   0.9300 
            C(22)-C(23)                   1.448(8) 
            C(22)-C(29)                   1.480(9) 
            C(23)-C(24)                   1.377(9) 
            C(23)-C(28)                   1.417(9) 
            C(24)-C(25)                   1.391(9) 
            C(25)-C(26)                   1.357(10) 
            C(26)-C(27)                   1.411(10) 
            C(27)-C(28)                   1.331(9) 
            C(29)-C(30)                   1.367(8) 
            C(29)-C(34)                   1.405(8) 
            C(30)-C(31)                   1.372(9) 
            C(30)-H(30)                   0.9300 
 
            C(69)-C(76)                   1.487(9) 
            C(70)-C(75)                   1.382(8) 
            C(70)-C(71)                   1.395(8) 
            C(71)-C(72)                   1.402(9) 
            C(72)-C(73)                   1.357(9) 
            C(73)-C(74)                   1.395(9) 
            C(74)-C(75)                   1.356(9) 
            C(76)-C(81)                   1.381(9) 
            C(76)-C(77)                   1.397(9) 
            C(77)-C(78)                   1.378(9) 
            C(77)-H(77)                   0.9300 
            C(78)-C(79)                   1.362(10) 
            C(78)-H(78)                   0.9300 
            C(79)-C(80)                   1.353(10) 
            C(79)-H(79)                   0.9300 
            C(80)-C(81)                   1.390(9) 
            C(80)-H(80)                   0.9300 
            C(81)-H(81)                   0.9300 
            C(82)-C(83)                   1.435(8) 
            C(82)-C(89)                   1.459(9) 
            C(83)-C(84)                   1.393(9) 
            C(83)-C(88)                   1.405(9) 
            C(84)-C(85)                   1.408(8) 
            C(85)-C(86)                   1.363(9) 
            C(86)-C(87)                   1.362(9) 
            C(87)-C(88)                   1.365(9) 
            C(89)-C(94)                   1.388(9) 
            C(89)-C(90)                   1.408(9) 
            C(90)-C(91)                   1.360(10) 
            C(90)-H(90)                   0.9300 
            C(91)-C(92)                   1.383(12) 
            C(91)-H(91)                   0.9300 
            C(92)-C(93)                   1.359(11) 
            C(92)-H(92)                   0.9300 
            C(93)-C(94)                   1.363(10) 
            C(93)-H(93)                   0.9300 
            C(94)-H(94)                   0.9300 
            C(95)-C(96)                   1.477(12) 
            C(95)-H(95A)                  0.9600 
            C(95)-H(95B)                  0.9600 
            C(95)-H(95C)                  0.9600 
            C(96)-C(101)                  1.381(12) 
            C(96)-C(97)                   1.419(12) 
            C(97)-C(98)                   1.413(11) 
            C(97)-H(97)                   0.9300 
            C(98)-C(99)                   1.395(12) 
            C(98)-H(98)                   0.9300 
            C(99)-C(100)                  1.369(12) 
            C(99)-H(99)                   0.9300 
 
 
Table 23. Angles [°] for 21 
            C(100)-C(101)                 1.396(12) 
            C(100)-H(100)                 0.9300 
            C(101)-H(101)                 0.9300 
            C(102)-C(103)                 1.518(12) 
            C(102)-H(10A)                 0.9600 
            C(102)-H(10B)                 0.9600 
            C(102)-H(10C)                 0.9600 
            C(103)-C(108)                 1.345(12) 
            C(103)-C(104)                 1.359(12) 
            C(104)-C(105)                 1.353(11) 
            C(104)-H(104)                 0.9300 
            C(105)-C(106)                 1.362(13) 
            C(105)-H(105)                 0.9300 
            C(106)-C(107)                 1.320(13) 
            C(106)-H(106)                 0.9300 
            C(107)-C(108)                 1.369(13) 
            C(107)-H(107)                 0.9300 
            C(108)-H(108)                 0.9300 
            C(109)-C(110)                 1.492(12) 
            C(109)-H(10D)                 0.9600 
            C(109)-H(10E)                 0.9600 
            C(109)-H(10F)                 0.9600 
            C(110)-C(115)                 1.330(11) 
            C(110)-C(111)                 1.407(13) 
            C(111)-C(112)                 1.354(14) 
            C(111)-H(111)                 0.9300 
            C(112)-C(113)                 1.329(16) 
            C(112)-H(112)                 0.9300 
            C(113)-C(114)                 1.353(15) 
            C(113)-H(113)                 0.9300 
            C(114)-C(115)                 1.365(12) 
            C(114)-H(114)                 0.9300 
            C(38)-C(39)-C(40)           122.4(8) 
            F(11)-C(39)-C(40)           116.9(7) 
            F(10)-C(40)-C(41)           120.8(8) 
            F(10)-C(40)-C(39)           119.2(8) 
            C(41)-C(40)-C(39)           119.8(7) 
            F(9)-C(41)-C(36)            123.3(8) 
            F(9)-C(41)-C(40)            117.7(7) 
            C(36)-C(41)-C(40)           119.0(7) 
            C(47)-C(42)-C(43)           117.7(7) 
            C(47)-C(42)-C(35)           119.6(6) 
            C(43)-C(42)-C(35)           122.7(6) 
            C(44)-C(43)-C(42)           120.5(7) 
            C(44)-C(43)-H(43)           119.7 
            C(42)-C(43)-H(43)           119.7 
            C(45)-C(44)-C(43)           119.9(7) 
            C(45)-C(44)-H(44)           120.1 
            C(43)-C(44)-H(44)           120.1 
            C(46)-C(45)-C(44)           120.8(8) 
            C(46)-C(45)-H(45)           119.6 
            C(44)-C(45)-H(45)           119.6 
            C(45)-C(46)-C(47)           119.8(7) 
            C(45)-C(46)-H(46)           120.1 
            C(47)-C(46)-H(46)           120.1 
            C(42)-C(47)-C(46)           121.2(7) 
            C(42)-C(47)-H(47)           119.4 
            C(46)-C(47)-H(47)           119.4 
            C(49)-C(48)-Ca(1)           159.2(6) 
            C(49)-C(48)-Ca(2)           100.9(5) 
            Ca(1)-C(48)-Ca(2)            96.1(2) 
            C(48)-C(49)-C(50)           176.1(8) 
            C(48)-C(49)-Ca(2)            56.5(4) 





            C(115)-H(115)                 0.9300 
            C(116)-C(117)                 1.488(17) 
            C(116)-H(11A)                 0.9600 
            C(116)-H(11B)                 0.9600 
            C(116)-H(11C)                 0.9600 
            C(117)-C(122)                 1.375(17) 
            C(117)-C(118)                 1.395(17) 
            C(118)-C(119)                 1.331(15) 
            C(118)-H(118)                 0.9300 
            C(119)-C(120)                 1.332(15) 
            C(119)-H(119)                 0.9300 
            C(120)-C(121)                 1.310(15) 
            C(120)-H(120)                 0.9300 
            C(121)-C(122)                 1.374(15) 
            C(121)-H(121)                 0.9300 
            C(122)-H(122)                 0.9300 
  
            N(5)-Ca(1)-N(3)              82.92(18) 
            N(5)-Ca(1)-C(48)            141.7(2) 
            N(3)-Ca(1)-C(48)            133.9(2) 
            N(5)-Ca(1)-N(1)              69.95(18) 
            N(3)-Ca(1)-N(1)              78.90(17) 
            C(48)-Ca(1)-N(1)            102.6(2) 
            N(5)-Ca(1)-C(1)             111.2(2) 
            N(3)-Ca(1)-C(1)              94.61(19) 
            C(48)-Ca(1)-C(1)             80.7(2) 
            N(1)-Ca(1)-C(1)             173.30(19) 
            N(5)-Ca(1)-C(2)              86.87(19) 
            N(3)-Ca(1)-C(2)              86.30(17) 
            C(48)-Ca(1)-C(2)            103.3(2) 
            N(1)-Ca(1)-C(2)             153.72(19) 
            C(1)-Ca(1)-C(2)              24.91(18) 
            N(5)-Ca(1)-Ca(2)            150.73(13) 
            N(3)-Ca(1)-Ca(2)            107.69(13) 
            C(48)-Ca(1)-Ca(2)            42.72(16) 
            N(1)-Ca(1)-Ca(2)            138.04(13) 
            C(1)-Ca(1)-Ca(2)             42.36(16) 
            C(2)-Ca(1)-Ca(2)             67.26(14) 
            N(11)-Ca(2)-C(1)            118.77(19) 
            N(11)-Ca(2)-C(48)            94.4(2) 
            C(1)-Ca(2)-C(48)             80.4(2) 
            N(11)-Ca(2)-N(9)             66.83(17) 
            C(1)-Ca(2)-N(9)             121.75(19) 
            C(48)-Ca(2)-N(9)            155.6(2) 
            N(11)-Ca(2)-N(7)             88.49(17) 
            C(1)-Ca(2)-N(7)             150.04(18) 
            C(48)-Ca(2)-N(7)             85.7(2) 
            N(9)-Ca(2)-N(7)              78.67(17) 
            N(11)-Ca(2)-C(33)           147.87(18) 
            C(1)-Ca(2)-C(33)             84.49(19) 
            C(48)-Ca(2)-C(33)           112.2(2) 
            N(9)-Ca(2)-C(33)             82.31(17) 
            N(7)-Ca(2)-C(33)             76.42(16) 
            N(11)-Ca(2)-C(49)            74.18(18) 
            C(1)-Ca(2)-C(49)             99.1(2) 
            C(48)-Ca(2)-C(49)            22.66(18) 
            N(9)-Ca(2)-C(49)            133.19(18) 
            N(7)-Ca(2)-C(49)             75.34(18) 
            C(33)-Ca(2)-C(49)           126.91(18) 
            N(11)-Ca(2)-Ca(1)           124.71(13) 
            C(1)-Ca(2)-Ca(1)             43.61(14) 
            C(48)-Ca(2)-Ca(1)            41.16(16) 
            N(9)-Ca(2)-Ca(1)            163.24(12) 
            N(7)-Ca(2)-Ca(1)            111.73(12) 
            C(33)-Ca(2)-Ca(1)            87.38(13) 
            C(49)-Ca(2)-Ca(1)            63.46(13) 
            N(8)-B(2)-N(10)             113.0(6) 
            N(8)-B(2)-N(12)             113.5(6) 
            N(10)-B(2)-N(12)            107.7(5) 
            N(8)-B(2)-H(2)              110(3) 
            N(10)-B(2)-H(2)             105(3) 
            N(12)-B(2)-H(2)             107(3) 
            N(4)-B(1)-N(2)              111.7(6) 
            N(4)-B(1)-N(6)              111.0(5) 
            N(2)-B(1)-N(6)              109.0(6) 
            N(4)-B(1)-H(1)              114(3) 
            N(2)-B(1)-H(1)              108(3) 
            N(6)-B(1)-H(1)              102(3) 
            C(9)-N(1)-N(2)              108.5(5) 
            C(9)-N(1)-Ca(1)             135.4(4) 
            N(2)-N(1)-Ca(1)             115.9(4) 
            C(11)-N(2)-N(1)             108.2(5) 
            C(11)-N(2)-B(1)             128.0(6) 
            N(1)-N(2)-B(1)              123.7(5) 
            C(22)-N(3)-N(4)             109.4(5) 
            C(22)-N(3)-Ca(1)            128.5(4) 
            N(4)-N(3)-Ca(1)             121.4(4) 
            N(3)-N(4)-C(24)             108.6(5) 
            C(51)-C(50)-C(55)           119.2(7) 
            C(51)-C(50)-C(49)           120.3(7) 
            C(55)-C(50)-C(49)           120.4(7) 
            C(50)-C(51)-C(52)           119.9(8) 
            C(50)-C(51)-H(51)           120.0 
            C(52)-C(51)-H(51)           120.0 
            C(53)-C(52)-C(51)           118.5(9) 
            C(53)-C(52)-H(52)           120.7 
            C(51)-C(52)-H(52)           120.7 
            C(54)-C(53)-C(52)           122.8(9) 
            C(54)-C(53)-H(53)           118.6 
            C(52)-C(53)-H(53)           118.6 
            C(53)-C(54)-C(55)           118.1(9) 
            C(53)-C(54)-H(54)           121.0 
            C(55)-C(54)-H(54)           121.0 
            C(50)-C(55)-C(54)           121.4(9) 
            C(50)-C(55)-H(55)           119.3 
            C(54)-C(55)-H(55)           119.3 
            N(7)-C(56)-C(57)            112.9(6) 
            N(7)-C(56)-C(63)            123.8(5) 
            C(57)-C(56)-C(63)           123.2(6) 
            C(56)-C(57)-C(62)           136.3(6) 
            C(56)-C(57)-C(58)           103.5(5) 
            C(62)-C(57)-C(58)           120.1(6) 
            N(8)-C(58)-C(59)            131.6(6) 
            N(8)-C(58)-C(57)            108.6(6) 
            C(59)-C(58)-C(57)           119.7(6) 
            F(16)-C(59)-C(60)           117.7(6) 
            F(16)-C(59)-C(58)           123.2(6) 
            C(60)-C(59)-C(58)           118.9(6) 
            F(15)-C(60)-C(59)           120.8(7) 
            F(15)-C(60)-C(61)           117.5(6) 
            C(59)-C(60)-C(61)           121.7(6) 
            F(14)-C(61)-C(62)           121.2(7) 
            F(14)-C(61)-C(60)           119.2(6) 
            C(62)-C(61)-C(60)           119.5(6) 
            F(13)-C(62)-C(61)           119.6(6) 
            F(13)-C(62)-C(57)           120.6(6) 
            C(61)-C(62)-C(57)           119.7(6) 
            C(64)-C(63)-C(68)           120.4(6) 
            C(64)-C(63)-C(56)           123.4(6) 
            C(68)-C(63)-C(56)           116.1(6) 
            C(65)-C(64)-C(63)           118.8(7) 
            C(65)-C(64)-H(64)           120.6 
            C(63)-C(64)-H(64)           120.6 
            C(64)-C(65)-C(66)           122.0(7) 
            C(64)-C(65)-H(65)           119.0 
            C(66)-C(65)-H(65)           119.0 
            C(67)-C(66)-C(65)           119.0(7) 
            C(67)-C(66)-H(66)           120.5 
            C(65)-C(66)-H(66)           120.5 
            C(66)-C(67)-C(68)           120.5(7) 
            C(66)-C(67)-H(67)           119.8 
            C(68)-C(67)-H(67)           119.8 
            C(67)-C(68)-C(63)           119.3(7) 
            C(67)-C(68)-H(68)           120.4 
            C(63)-C(68)-H(68)           120.4 
            N(9)-C(69)-C(70)            110.3(5) 
            N(9)-C(69)-C(76)            120.6(6) 
            C(70)-C(69)-C(76)           129.1(6) 
            C(75)-C(70)-C(71)           120.3(6) 
            C(75)-C(70)-C(69)           134.9(6) 
            C(71)-C(70)-C(69)           104.6(5) 
            N(10)-C(71)-C(70)           108.6(6) 
            N(10)-C(71)-C(72)           131.3(6) 
            C(70)-C(71)-C(72)           120.1(6) 
            F(20)-C(72)-C(73)           119.0(6) 
            F(20)-C(72)-C(71)           123.3(6) 
            C(73)-C(72)-C(71)           117.7(7) 
            F(19)-C(73)-C(72)           119.9(7) 
            F(19)-C(73)-C(74)           117.6(6) 
            C(72)-C(73)-C(74)           122.5(6) 
            F(18)-C(74)-C(75)           122.6(6) 
            F(18)-C(74)-C(73)           117.8(6) 
            C(75)-C(74)-C(73)           119.6(6) 
            C(74)-C(75)-F(17)           118.9(6) 
            C(74)-C(75)-C(70)           119.7(6) 
            F(17)-C(75)-C(70)           121.1(6) 
            C(81)-C(76)-C(77)           119.0(6) 
            C(81)-C(76)-C(69)           119.9(6) 
            C(77)-C(76)-C(69)           121.1(6) 
            C(78)-C(77)-C(76)           119.5(7) 
            C(78)-C(77)-H(77)           120.3 
            C(76)-C(77)-H(77)           120.3 
            C(79)-C(78)-C(77)           121.2(7) 
            C(79)-C(78)-H(78)           119.4 
            C(77)-C(78)-H(78)           119.4 
            C(80)-C(79)-C(78)           119.6(7) 




            N(3)-N(4)-B(1)              120.5(5) 
            C(24)-N(4)-B(1)             130.5(6) 
            C(35)-N(5)-N(6)             109.3(5) 
            C(35)-N(5)-Ca(1)            130.1(4) 
            N(6)-N(5)-Ca(1)             118.1(4) 
            C(37)-N(6)-N(5)             106.8(5) 
            C(37)-N(6)-B(1)             131.2(5) 
            N(5)-N(6)-B(1)              121.3(5) 
            C(56)-N(7)-N(8)             106.4(5) 
            C(56)-N(7)-Ca(2)            137.3(4) 
            N(8)-N(7)-Ca(2)             115.9(3) 
            C(58)-N(8)-N(7)             108.5(5) 
            C(58)-N(8)-B(2)             129.2(6) 
            N(7)-N(8)-B(2)              122.3(5) 
            C(69)-N(9)-N(10)            107.9(5) 
            C(69)-N(9)-Ca(2)            133.7(4) 
            N(10)-N(9)-Ca(2)            115.9(4) 
            C(71)-N(10)-N(9)            108.5(5) 
            C(71)-N(10)-B(2)            126.5(5) 
            N(9)-N(10)-B(2)             122.0(5) 
            C(82)-N(11)-N(12)           109.0(5) 
            C(82)-N(11)-Ca(2)           135.9(4) 
            N(12)-N(11)-Ca(2)           110.3(3) 
            C(84)-N(12)-N(11)           108.6(5) 
            C(84)-N(12)-B(2)            126.3(6) 
            N(11)-N(12)-B(2)            121.6(5) 
            C(2)-C(1)-Ca(2)             176.4(5) 
            C(2)-C(1)-Ca(1)              88.8(5) 
            Ca(2)-C(1)-Ca(1)             94.0(2) 
            C(1)-C(2)-C(3)              179.4(8) 
            C(1)-C(2)-Ca(1)              66.3(4) 
            C(3)-C(2)-Ca(1)             113.6(4) 
            C(4)-C(3)-C(8)              117.4(6) 
            C(4)-C(3)-C(2)              121.4(6) 
            C(8)-C(3)-C(2)              121.2(6) 
            C(5)-C(4)-C(3)              120.0(6) 
            C(5)-C(4)-H(4)              120.0 
            C(3)-C(4)-H(4)              120.0 
            C(6)-C(5)-C(4)              121.5(7) 
            C(6)-C(5)-H(5)              119.2 
            C(4)-C(5)-H(5)              119.2 
            C(7)-C(6)-C(5)              119.9(7) 
            C(7)-C(6)-H(6)              120.0 
            C(5)-C(6)-H(6)              120.0 
            C(6)-C(7)-C(8)              120.5(7) 
            C(6)-C(7)-H(7)              119.8 
            C(8)-C(7)-H(7)              119.8 
            C(7)-C(8)-C(3)              120.5(7) 
            C(7)-C(8)-H(8)              119.7 
            C(3)-C(8)-H(8)              119.7 
            N(1)-C(9)-C(10)             109.5(6) 
            N(1)-C(9)-C(16)             122.1(6) 
            C(10)-C(9)-C(16)            127.9(6) 
            C(15)-C(10)-C(11)           120.5(7) 
            C(15)-C(10)-C(9)            133.8(7) 
            C(11)-C(10)-C(9)            105.7(6) 
            N(2)-C(11)-C(10)            108.1(6) 
            N(2)-C(11)-C(12)            131.7(6) 
            C(10)-C(11)-C(12)           120.1(6) 
            C(13)-C(12)-F(4)            119.5(7) 
            C(13)-C(12)-C(11)           117.4(7) 
            F(4)-C(12)-C(11)            123.2(6) 
            C(12)-C(13)-F(3)            120.1(7) 
            C(12)-C(13)-C(14)           123.7(7) 
            F(3)-C(13)-C(14)            116.1(7) 
            F(2)-C(14)-C(15)            123.0(8) 
            F(2)-C(14)-C(13)            119.2(7) 
            C(15)-C(14)-C(13)           117.8(7) 
            F(1)-C(15)-C(10)            122.8(7) 
            F(1)-C(15)-C(14)            116.8(7) 
            C(10)-C(15)-C(14)           120.4(7) 
            C(17)-C(16)-C(21)           117.9(7) 
            C(17)-C(16)-C(9)            120.7(7) 
            C(21)-C(16)-C(9)            121.4(7) 
            C(16)-C(17)-C(18)           121.3(8) 
            C(16)-C(17)-H(17)           119.3 
            C(18)-C(17)-H(17)           119.3 
            C(19)-C(18)-C(17)           119.4(9) 
            C(19)-C(18)-H(18)           120.3 
            C(17)-C(18)-H(18)           120.3 
            C(18)-C(19)-C(20)           120.2(8) 
            C(18)-C(19)-H(19)           119.9 
            C(20)-C(19)-H(19)           119.9 
            C(21)-C(20)-C(19)           119.5(8) 
            C(21)-C(20)-H(20)           120.2 
            C(19)-C(20)-H(20)           120.2 
            C(20)-C(21)-C(16)           121.7(8) 
            C(20)-C(21)-H(21)           119.2 
            C(80)-C(79)-H(79)           120.2 
            C(78)-C(79)-H(79)           120.2 
            C(79)-C(80)-C(81)           121.1(7) 
            C(79)-C(80)-H(80)           119.5 
            C(81)-C(80)-H(80)           119.5 
            C(76)-C(81)-C(80)           119.6(7) 
            C(76)-C(81)-H(81)           120.2 
            C(80)-C(81)-H(81)           120.2 
            N(11)-C(82)-C(83)           108.9(6) 
            N(11)-C(82)-C(89)           121.3(6) 
            C(83)-C(82)-C(89)           129.5(6) 
            C(84)-C(83)-C(88)           119.6(6) 
            C(84)-C(83)-C(82)           105.6(6) 
            C(88)-C(83)-C(82)           134.6(6) 
            N(12)-C(84)-C(83)           107.7(6) 
            N(12)-C(84)-C(85)           131.4(6) 
            C(83)-C(84)-C(85)           120.8(6) 
            F(24)-C(85)-C(86)           119.8(6) 
            F(24)-C(85)-C(84)           122.3(6) 
            C(86)-C(85)-C(84)           117.6(6) 
            F(23)-C(86)-C(87)           119.5(6) 
            F(23)-C(86)-C(85)           118.8(6) 
            C(87)-C(86)-C(85)           121.7(6) 
            C(86)-C(87)-C(88)           122.4(6) 
            C(86)-C(87)-F(22)           118.6(6) 
            C(88)-C(87)-F(22)           119.0(7) 
            F(21)-C(88)-C(87)           121.3(6) 
            F(21)-C(88)-C(83)           120.9(6) 
            C(87)-C(88)-C(83)           117.9(6) 
            C(94)-C(89)-C(90)           117.4(7) 
            C(94)-C(89)-C(82)           120.0(6) 
            C(90)-C(89)-C(82)           122.4(7) 
            C(91)-C(90)-C(89)           120.6(8) 
            C(91)-C(90)-H(90)           119.7 
            C(89)-C(90)-H(90)           119.7 
            C(90)-C(91)-C(92)           121.1(9) 
            C(90)-C(91)-H(91)           119.5 
            C(92)-C(91)-H(91)           119.5 
            C(93)-C(92)-C(91)           118.3(8) 
            C(93)-C(92)-H(92)           120.9 
            C(91)-C(92)-H(92)           120.9 
            C(92)-C(93)-C(94)           122.1(9) 
            C(92)-C(93)-H(93)           118.9 
            C(94)-C(93)-H(93)           118.9 
            C(93)-C(94)-C(89)           120.4(8) 
            C(93)-C(94)-H(94)           119.8 
            C(89)-C(94)-H(94)           119.8 
            C(96)-C(95)-H(95A)          109.5 
            C(96)-C(95)-H(95B)          109.5 
            H(95A)-C(95)-H(95B)         109.5 
            C(96)-C(95)-H(95C)          109.5 
            H(95A)-C(95)-H(95C)         109.5 
            H(95B)-C(95)-H(95C)         109.5 
            C(101)-C(96)-C(97)          117.1(9) 
            C(101)-C(96)-C(95)          121.8(10) 
            C(97)-C(96)-C(95)           121.1(10) 
            C(98)-C(97)-C(96)           119.2(9) 
            C(98)-C(97)-H(97)           120.4 
            C(96)-C(97)-H(97)           120.4 
            C(99)-C(98)-C(97)           121.5(9) 
            C(99)-C(98)-H(98)           119.3 
            C(97)-C(98)-H(98)           119.3 
            C(100)-C(99)-C(98)          119.0(9) 
            C(100)-C(99)-H(99)          120.5 
            C(98)-C(99)-H(99)           120.5 
            C(99)-C(100)-C(101)         119.8(9) 
            C(99)-C(100)-H(100)         120.1 
            C(101)-C(100)-H(100)        120.1 
            C(96)-C(101)-C(100)         123.3(10) 
            C(96)-C(101)-H(101)         118.3 
            C(100)-C(101)-H(101)        118.3 
            C(103)-C(102)-H(10A)        109.5 
            C(103)-C(102)-H(10B)        109.5 
            H(10A)-C(102)-H(10B)        109.5 
            C(103)-C(102)-H(10C)        109.5 
            H(10A)-C(102)-H(10C)        109.5 
            H(10B)-C(102)-H(10C)        109.5 
            C(108)-C(103)-C(104)        115.8(9) 
            C(108)-C(103)-C(102)        122.9(10) 
            C(104)-C(103)-C(102)        121.3(9) 
            C(105)-C(104)-C(103)        122.7(10) 
            C(105)-C(104)-H(104)        118.7 
            C(103)-C(104)-H(104)        118.7 
            C(104)-C(105)-C(106)        119.0(11) 
            C(104)-C(105)-H(105)        120.5 
            C(106)-C(105)-H(105)        120.5 
            C(107)-C(106)-C(105)        120.0(10) 





            C(16)-C(21)-H(21)           119.2 
            N(3)-C(22)-C(23)            108.1(6) 
            N(3)-C(22)-C(29)            124.8(5) 
            C(23)-C(22)-C(29)           126.9(6) 
            C(24)-C(23)-C(28)           121.2(6) 
            C(24)-C(23)-C(22)           105.5(6) 
            C(28)-C(23)-C(22)           133.0(7) 
            C(23)-C(24)-N(4)            108.3(6) 
            C(23)-C(24)-C(25)           119.1(6) 
            N(4)-C(24)-C(25)            132.5(7) 
            C(26)-C(25)-F(8)            118.5(7) 
            C(26)-C(25)-C(24)           119.0(7) 
            F(8)-C(25)-C(24)            122.4(6) 
            F(7)-C(26)-C(25)            120.3(8) 
            F(7)-C(26)-C(27)            118.0(7) 
            C(25)-C(26)-C(27)           121.8(7) 
            C(28)-C(27)-F(6)            121.9(8) 
            C(28)-C(27)-C(26)           119.8(7) 
            F(6)-C(27)-C(26)            118.1(7) 
            C(27)-C(28)-F(5)            120.3(7) 
            C(27)-C(28)-C(23)           119.0(7) 
            F(5)-C(28)-C(23)            120.7(6) 
            C(30)-C(29)-C(34)           120.7(6) 
            C(30)-C(29)-C(22)           120.1(6) 
            C(34)-C(29)-C(22)           119.1(5) 
            C(29)-C(30)-C(31)           120.7(6) 
            C(29)-C(30)-H(30)           119.7 
            C(31)-C(30)-H(30)           119.7 
            C(30)-C(31)-C(32)           119.7(6) 
            C(30)-C(31)-H(31)           120.2 
            C(32)-C(31)-H(31)           120.2 
            C(33)-C(32)-C(31)           120.0(6) 
            C(33)-C(32)-H(32)           120.0 
            C(31)-C(32)-H(32)           120.0 
            C(32)-C(33)-C(34)           120.8(6) 
            C(32)-C(33)-Ca(2)           104.6(4) 
            C(34)-C(33)-Ca(2)            94.3(4) 
            C(32)-C(33)-H(33)           111.8 
            C(34)-C(33)-H(33)           111.8 
            Ca(2)-C(33)-H(33)           111.8 
            C(33)-C(34)-C(29)           118.1(6) 
            C(33)-C(34)-H(34)           121.0 
            C(29)-C(34)-H(34)           121.0 
            N(5)-C(35)-C(36)            109.5(6) 
            N(5)-C(35)-C(42)            116.9(6) 
            C(36)-C(35)-C(42)           133.2(6) 
            C(37)-C(36)-C(41)           119.8(7) 
            C(37)-C(36)-C(35)           104.6(6) 
            C(41)-C(36)-C(35)           135.6(7) 
            C(36)-C(37)-N(6)            109.8(6) 
            C(36)-C(37)-C(38)           121.7(7) 
            N(6)-C(37)-C(38)            128.5(6) 
            C(39)-C(38)-F(12)           119.2(7) 
            C(39)-C(38)-C(37)           117.2(7) 
            F(12)-C(38)-C(37)           123.5(7) 
            C(38)-C(39)-F(11)           120.7(7) 
 
 
            C(105)-C(106)-H(106)        120.0 
            C(106)-C(107)-C(108)        119.5(11) 
            C(106)-C(107)-H(107)        120.3 
            C(108)-C(107)-H(107)        120.3 
            C(103)-C(108)-C(107)        122.9(11) 
            C(103)-C(108)-H(108)        118.6 
            C(107)-C(108)-H(108)        118.6 
            C(110)-C(109)-H(10D)        109.5 
            C(110)-C(109)-H(10E)        109.5 
            H(10D)-C(109)-H(10E)        109.5 
            C(110)-C(109)-H(10F)        109.5 
            H(10D)-C(109)-H(10F)        109.5 
            H(10E)-C(109)-H(10F)        109.5 
            C(115)-C(110)-C(111)        118.7(10) 
            C(115)-C(110)-C(109)        121.7(9) 
            C(111)-C(110)-C(109)        119.6(11) 
            C(112)-C(111)-C(110)        119.5(11) 
            C(112)-C(111)-H(111)        120.3 
            C(110)-C(111)-H(111)        120.3 
            C(113)-C(112)-C(111)        120.0(12) 
            C(113)-C(112)-H(112)        120.0 
            C(111)-C(112)-H(112)        120.0 
            C(112)-C(113)-C(114)        121.4(13) 
            C(112)-C(113)-H(113)        119.3 
            C(114)-C(113)-H(113)        119.3 
            C(113)-C(114)-C(115)        119.2(12) 
            C(113)-C(114)-H(114)        120.4 
            C(115)-C(114)-H(114)        120.4 
            C(110)-C(115)-C(114)        121.1(10) 
            C(110)-C(115)-H(115)        119.4 
            C(114)-C(115)-H(115)        119.4 
            C(117)-C(116)-H(11A)        109.5 
            C(117)-C(116)-H(11B)        109.5 
            H(11A)-C(116)-H(11B)        109.5 
            C(117)-C(116)-H(11C)        109.4 
            H(11A)-C(116)-H(11C)        109.5 
            H(11B)-C(116)-H(11C)        109.5 
            C(122)-C(117)-C(118)        117.1(16) 
            C(122)-C(117)-C(116)        117.4(16) 
            C(118)-C(117)-C(116)        125.4(16) 
            C(119)-C(118)-C(117)        120.5(15) 
            C(119)-C(118)-H(118)        119.8 
            C(117)-C(118)-H(118)        119.7 
            C(118)-C(119)-C(120)        121.9(16) 
            C(118)-C(119)-H(119)        119.0 
            C(120)-C(119)-H(119)        119.0 
            C(121)-C(120)-C(119)        117.7(15) 
            C(121)-C(120)-H(120)        121.2 
            C(119)-C(120)-H(120)        121.1 
            C(120)-C(121)-C(122)        124.3(15) 
            C(120)-C(121)-H(121)        117.9 
            C(122)-C(121)-H(121)        117.9 
            C(117)-C(122)-C(121)        117.7(16) 
            C(117)-C(122)-H(122)        121.2 




Table 24. Crystal data and structure refinement for 22 
Empirical formula                  C16 H20 Zr 
Formula weight                     303.54 
Temperature    180(2) K 




Wavelength                         0.71073 A 
Crystal system, space group        trigonal,  P -3 
Unit cell dimensions            a = 23.4826(6) A   alpha = 90 deg. 
 b = 23.4826(6) A    beta = 90 deg. 
 c = 13.0911(4) A   gamma = 120 deg. 
Volume     6251.7(4) A^3 
Z, Calculated density              18,  1.451 Mg/m^3 
Absorption coefficient             0.768 mm^-1 
F(000)                            2808 
Crystal size                       0.32 x 0.18 x 0.04 mm 
Theta range for data collection    1.00 to 25.34 deg. 
Limiting indices                   -28<=h<=28, -28<=k<=28, 0<=l<=15 
Reflections collected / unique     209356 / 7654 [R(int) =  0.0303] 
Completeness to theta = 25.34      99.9 % 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     7654 / 270 / 533 
Goodness-of-fit on F^2             1.066 
Final R indices [I>2sigma(I)]      R1 = 0.0254, wR2 = 0.0650 
R indices (all data)               R1 = 0.0283, wR2 = 0.0678 
Largest diff. peak and hole        1.353 and -0.308 e.A^-3 
Empirical formula                  C16 H20 Zr 
Formula weight                     303.54 
 
 
Table 25. Bond lengths [Å] for 22 
            C(17)-C(21)                   1.406(11) 
            C(17)-C(18)                   1.412(11) 
            C(17)-Zr(2)                   2.527(13) 
            C(17)-H(17)                   0.9500 
            C(18)-C(19)                   1.424(12) 
            C(18)-Zr(2)                   2.53(2) 
            C(18)-H(18)                   0.9500 
            C(19)-C(20)                   1.402(12) 
            C(19)-Zr(2)                   2.50(3) 
            C(19)-H(19)                   0.9500 
            C(20)-C(21)                   1.385(11) 
            C(20)-Zr(2)                   2.566(17) 
            C(20)-H(20)                   0.9500 
            C(21)-Zr(2)                   2.578(13) 
            C(21)-H(21)                   0.9500 
            C(17')-C(21')                 1.412(8) 
            C(17')-C(18')                 1.416(8) 
            C(17')-Zr(2)                  2.534(9) 
            C(17')-H(17')                 0.9500 
            C(18')-C(19')                 1.423(10) 
            C(18')-Zr(2)                  2.491(14) 
            C(18')-H(18')                 0.9500 
            C(19')-C(20')                 1.397(9) 
            C(19')-Zr(2)                  2.507(19) 
            C(19')-H(19')                 0.9500 
            C(20')-C(21')                 1.399(10) 
            C(20')-Zr(2)                  2.499(12) 
            C(20')-H(20')                 0.9500 
            C(21')-Zr(2)                  2.521(8) 
            C(21')-H(21')                 0.9500 
            C(23)-C(22)                   1.399(5) 
            C(23)-C(24)                   1.408(6) 
            C(23)-Zr(2)                   2.510(3) 
            C(23)-H(23)                   0.9500 
            C(24)-C(25)                   1.401(4) 
            C(24)-Zr(2)                   2.514(3) 
            C(24)-H(24)                   0.9500 
            C(25)-C(26)                   1.380(4) 
            C(25)-Zr(2)                   2.523(3) 
            C(25)-H(25)                   0.9500 
            C(26)-C(22)                   1.400(5) 
            C(26)-Zr(2)                   2.530(3) 
            C(26)-H(26)                   0.9500 
            C(22)-Zr(2)                   2.519(3) 
            C(22)-H(22)                   0.9500 
            C(27)-C(28)                   1.497(4) 
            C(27)-C(29)                   1.520(4) 
            C(27)-Zr(2)                   2.246(3) 
            C(27)-H(27)                   1.0000 
            C(28)-C(29)                   1.479(5) 
            C(28)-H(28A)                  0.9900 
            C(7)-H(7)                     0.9500 
            C(6)-C(10)                    1.389(6) 
            C(6)-Zr(1)                    2.523(3) 
            C(6)-H(6)                     0.9500 
            C(10)-C(9)                    1.393(6) 
            C(10)-Zr(1)                   2.536(3) 
            C(10)-H(10)                   0.9500 
            C(9)-Zr(1)                    2.527(3) 
            C(9)-H(9)                     0.9500 
            C(14)-C(16)                   1.517(4) 
            C(14)-C(15)                   1.524(4) 
            C(14)-Zr(1)                   2.261(3) 
            C(14)-H(14)                   1.0000 
            C(16)-C(15)                   1.488(4) 
            C(16)-H(16A)                  0.9900 
            C(16)-H(16B)                  0.9900 
            C(15)-H(15A)                  0.9900 
            C(15)-H(15B)                  0.9900 
            C(11)-C(12)                   1.498(4) 
            C(11)-C(13)                   1.525(4) 
            C(11)-Zr(1)                   2.256(3) 
            C(11)-H(11)                   1.0000 
            C(13)-C(12)                   1.489(5) 
            C(13)-H(13A)                  0.9900 
            C(13)-H(13B)                  0.9900 
            C(12)-H(12A)                  0.9900 
            C(12)-H(12B)                  0.9900 
            C(33)-C(34)                   1.393(5) 
            C(33)-C(37)                   1.394(5) 
            C(33)-Zr(3)                   2.524(3) 
            C(33)-H(33)                   0.9500 
            C(34)-C(35)                   1.396(5) 
            C(34)-Zr(3)                   2.519(3) 
            C(34)-H(34)                   0.9500 
            C(35)-C(36)                   1.376(6) 
            C(35)-Zr(3)                   2.500(3) 
            C(35)-H(35)                   0.9500 
            C(36)-C(37)                   1.395(5) 
            C(36)-Zr(3)                   2.499(3) 
            C(36)-H(36)                   0.9500 
            C(37)-Zr(3)                   2.524(3) 
            C(37)-H(37)                   0.9500 
            C(38)-C(39)                   1.376(7) 
            C(38)-C(42)                   1.395(6) 
            C(38)-Zr(3)                   2.491(3) 
            C(38)-H(38)                   0.9500 
            C(39)-C(40)                   1.376(6) 
            C(39)-Zr(3)                   2.486(3) 
            C(39)-H(39)                   0.9500 
            C(40)-C(41)                   1.377(6) 





            C(28)-H(28B)                  0.9900 
            C(29)-H(29A)                  0.9900 
            C(29)-H(29B)                  0.9900 
            C(30)-C(31)                   1.514(4) 
            C(30)-C(32)                   1.530(4) 
            C(30)-Zr(2)                   2.267(3) 
            C(30)-H(30)                   1.0000 
            C(31)-C(32)                   1.499(4) 
            C(31)-H(31A)                  0.9900 
            C(31)-H(31B)                  0.9900 
            C(32)-H(32A)                  0.9900 
            C(32)-H(32B)                  0.9900 
            C(2)-C(3)                     1.395(4) 
            C(2)-C(1)                     1.399(4) 
            C(2)-Zr(1)                    2.516(3) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.413(4) 
            C(3)-Zr(1)                    2.496(3) 
            C(3)-H(3)                     0.9500 
            C(4)-C(5)                     1.389(5) 
            C(4)-Zr(1)                    2.520(3) 
            C(4)-H(4)                     0.9500 
            C(5)-C(1)                     1.398(4) 
            C(5)-Zr(1)                    2.524(3) 
            C(5)-H(5)                     0.9500 
            C(1)-Zr(1)                    2.538(3) 
            C(1)-H(1)                     0.9500 
            C(8)-C(9)                     1.391(5) 
            C(8)-C(7)                     1.399(6) 
            C(8)-Zr(1)                    2.503(3) 
            C(8)-H(8)                     0.9500 
            C(7)-C(6)                     1.393(5) 
            C(7)-Zr(1)                    2.503(3) 
 
            C(40)-H(40)                   0.9500 
            C(41)-C(42)                   1.377(6) 
            C(41)-Zr(3)                   2.540(3) 
            C(41)-H(41)                   0.9500 
            C(42)-Zr(3)                   2.535(3) 
            C(42)-H(42)                   0.9500 
            C(43)-C(44)                   1.486(4) 
            C(43)-C(45)                   1.501(4) 
            C(43)-Zr(3)                   2.278(3) 
            C(43)-H(43)                   1.0000 
            C(44)-C(45)                   1.476(5) 
            C(44)-H(44A)                  0.9900 
            C(44)-H(44B)                  0.9900 
            C(45)-H(45A)                  0.9900 
            C(45)-H(45B)                  0.9900 
            Zr(3)-C(46)                   2.222(5) 
            Zr(3)-C(46')                  2.376(10) 
            C(46)-C(48)                   1.477(9) 
            C(46)-C(47)                   1.487(7) 
            C(46)-H(46)                   1.0000 
            C(47)-C(48)                   1.446(12) 
            C(47)-H(47A)                  0.9900 
            C(47)-H(47B)                  0.9900 
            C(48)-H(48A)                  0.9900 
            C(48)-H(48B)                  0.9900 
            C(46')-C(48')                 1.490(14) 
            C(46')-C(47')                 1.506(11) 
            C(46')-H(46')                 1.0000 
            C(47')-C(48')                 1.447(17) 
            C(47')-H(47C)                 0.9900 
            C(47')-H(47D)                 0.9900 
            C(48')-H(48C)                 0.9900 
            C(48')-H(48D)                 0.9900 
 
 
Table 26. Angles [°] for 22 
            C(21)-C(17)-C(18)           108.9(9) 
            C(21)-C(17)-Zr(2)            76.0(7) 
            C(18)-C(17)-Zr(2)            74.0(10) 
            C(21)-C(17)-H(17)           125.5 
            C(18)-C(17)-H(17)           125.5 
            Zr(2)-C(17)-H(17)           116.4 
            C(17)-C(18)-C(19)           106.6(10) 
            C(17)-C(18)-Zr(2)            73.6(9) 
            C(19)-C(18)-Zr(2)            72.4(14) 
            C(17)-C(18)-H(18)           126.7 
            C(19)-C(18)-H(18)           126.7 
            Zr(2)-C(18)-H(18)           119.3 
            C(20)-C(19)-C(18)           107.5(11) 
            C(20)-C(19)-Zr(2)            76.4(11) 
            C(18)-C(19)-Zr(2)            74.7(14) 
            C(20)-C(19)-H(19)           126.3 
            C(18)-C(19)-H(19)           126.3 
            Zr(2)-C(19)-H(19)           114.9 
            C(21)-C(20)-C(19)           109.5(11) 
            C(21)-C(20)-Zr(2)            74.9(8) 
            C(19)-C(20)-Zr(2)            71.5(12) 
            C(21)-C(20)-H(20)           125.3 
            C(19)-C(20)-H(20)           125.3 
            Zr(2)-C(20)-H(20)           120.1 
            C(20)-C(21)-C(17)           107.4(9) 
            C(20)-C(21)-Zr(2)            73.9(9) 
            C(17)-C(21)-Zr(2)            72.0(7) 
            C(20)-C(21)-H(21)           126.3 
            C(17)-C(21)-H(21)           126.3 
            Zr(2)-C(21)-H(21)           119.7 
            C(21')-C(17')-C(18')        107.9(7) 
            C(21')-C(17')-Zr(2)          73.3(5) 
            C(18')-C(17')-Zr(2)          72.0(7) 
            C(21')-C(17')-H(17')        126.1 
            C(18')-C(17')-H(17')        126.1 
            Zr(2)-C(17')-H(17')         120.5 
            C(17')-C(18')-C(19')        107.2(8) 
            C(17')-C(18')-Zr(2)          75.3(6) 
            C(19')-C(18')-Zr(2)          74.1(10) 
            C(17')-C(18')-H(18')        126.4 
            C(19')-C(18')-H(18')        126.4 
            Zr(2)-C(18')-H(18')         116.4 
            C(20')-C(19')-C(18')        108.0(8) 
            C(20')-C(19')-Zr(2)          73.5(8) 
            C(18')-C(19')-Zr(2)          72.8(10) 
            C(20')-C(19')-H(19')        126.0 
            C(18')-C(19')-H(19')        126.0 
            Zr(2)-C(19')-H(19')         119.5 
            C(39)-C(40)-H(40)           125.8 
            C(41)-C(40)-H(40)           125.8 
            Zr(3)-C(40)-H(40)           118.0 
            C(40)-C(41)-C(42)           108.2(3) 
            C(40)-C(41)-Zr(3)            73.19(18) 
            C(42)-C(41)-Zr(3)            74.0(2) 
            C(40)-C(41)-H(41)           125.9 
            C(42)-C(41)-H(41)           125.9 
            Zr(3)-C(41)-H(41)           118.8 
            C(41)-C(42)-C(38)           107.4(4) 
            C(41)-C(42)-Zr(3)            74.5(2) 
            C(38)-C(42)-Zr(3)            72.17(19) 
            C(41)-C(42)-H(42)           126.3 
            C(38)-C(42)-H(42)           126.3 
            Zr(3)-C(42)-H(42)           119.0 
            C(44)-C(43)-C(45)            59.2(2) 
            C(44)-C(43)-Zr(3)           120.6(3) 
            C(45)-C(43)-Zr(3)           119.1(2) 
            C(44)-C(43)-H(43)           115.4 
            C(45)-C(43)-H(43)           115.4 
            Zr(3)-C(43)-H(43)           115.4 
            C(45)-C(44)-C(43)            60.9(2) 
            C(45)-C(44)-H(44A)          117.7 
            C(43)-C(44)-H(44A)          117.7 
            C(45)-C(44)-H(44B)          117.7 
            C(43)-C(44)-H(44B)          117.7 
            H(44A)-C(44)-H(44B)         114.8 
            C(44)-C(45)-C(43)            59.9(2) 
            C(44)-C(45)-H(45A)          117.8 
            C(43)-C(45)-H(45A)          117.8 
            C(44)-C(45)-H(45B)          117.8 
            C(43)-C(45)-H(45B)          117.8 
            H(45A)-C(45)-H(45B)         114.9 
            C(27)-Zr(2)-C(30)            97.16(10) 
            C(27)-Zr(2)-C(18')          131.1(3) 
            C(30)-Zr(2)-C(18')          109.5(2) 
            C(27)-Zr(2)-C(20')           77.9(2) 
            C(30)-Zr(2)-C(20')          112.3(2) 
            C(18')-Zr(2)-C(20')          54.4(3) 
            C(27)-Zr(2)-C(19)           105.7(3) 
            C(30)-Zr(2)-C(19)           132.4(4) 
            C(18')-Zr(2)-C(19)           28.2(5) 
            C(20')-Zr(2)-C(19)           38.2(4) 
            C(27)-Zr(2)-C(19')           99.7(2) 
            C(30)-Zr(2)-C(19')          132.6(3) 
            C(18')-Zr(2)-C(19')          33.1(3) 
            C(20')-Zr(2)-C(19')          32.4(2) 
            C(19)-Zr(2)-C(19')            6.5(5) 




            C(19')-C(20')-C(21')        108.7(7) 
            C(19')-C(20')-Zr(2)          74.1(9) 
            C(21')-C(20')-Zr(2)          74.7(5) 
            C(19')-C(20')-H(20')        125.6 
            C(21')-C(20')-H(20')        125.6 
            Zr(2)-C(20')-H(20')         117.5 
            C(20')-C(21')-C(17')        108.0(6) 
            C(20')-C(21')-Zr(2)          73.0(6) 
            C(17')-C(21')-Zr(2)          74.3(5) 
            C(20')-C(21')-H(21')        126.0 
            C(17')-C(21')-H(21')        126.0 
            Zr(2)-C(21')-H(21')         118.7 
            C(22)-C(23)-C(24)           107.5(3) 
            C(22)-C(23)-Zr(2)            74.20(16) 
            C(24)-C(23)-Zr(2)            73.90(18) 
            C(22)-C(23)-H(23)           126.2 
            C(24)-C(23)-H(23)           126.2 
            Zr(2)-C(23)-H(23)           117.7 
            C(25)-C(24)-C(23)           107.7(3) 
            C(25)-C(24)-Zr(2)            74.20(16) 
            C(23)-C(24)-Zr(2)            73.56(17) 
            C(25)-C(24)-H(24)           126.2 
            C(23)-C(24)-H(24)           126.2 
            Zr(2)-C(24)-H(24)           118.1 
            C(26)-C(25)-C(24)           108.5(3) 
            C(26)-C(25)-Zr(2)            74.43(17) 
            C(24)-C(25)-Zr(2)            73.50(16) 
            C(26)-C(25)-H(25)           125.8 
            C(24)-C(25)-H(25)           125.8 
            Zr(2)-C(25)-H(25)           118.2 
            C(25)-C(26)-C(22)           108.3(3) 
            C(25)-C(26)-Zr(2)            73.86(16) 
            C(22)-C(26)-Zr(2)            73.46(17) 
            C(25)-C(26)-H(26)           125.9 
            C(22)-C(26)-H(26)           125.9 
            Zr(2)-C(26)-H(26)           118.7 
            C(23)-C(22)-C(26)           108.1(3) 
            C(23)-C(22)-Zr(2)            73.49(17) 
            C(26)-C(22)-Zr(2)            74.34(17) 
            C(23)-C(22)-H(22)           126.0 
            C(26)-C(22)-H(22)           126.0 
            Zr(2)-C(22)-H(22)           118.1 
            C(28)-C(27)-C(29)            58.7(2) 
            C(28)-C(27)-Zr(2)           130.9(2) 
            C(29)-C(27)-Zr(2)           132.3(2) 
            C(28)-C(27)-H(27)           108.8 
            C(29)-C(27)-H(27)           108.8 
            Zr(2)-C(27)-H(27)           108.8 
            C(29)-C(28)-C(27)            61.4(2) 
            C(29)-C(28)-H(28A)          117.6 
            C(27)-C(28)-H(28A)          117.6 
            C(29)-C(28)-H(28B)          117.6 
            C(27)-C(28)-H(28B)          117.6 
            H(28A)-C(28)-H(28B)         114.7 
            C(28)-C(29)-C(27)            59.9(2) 
            C(28)-C(29)-H(29A)          117.8 
            C(27)-C(29)-H(29A)          117.8 
            C(28)-C(29)-H(29B)          117.8 
            C(27)-C(29)-H(29B)          117.8 
            H(29A)-C(29)-H(29B)         114.9 
            C(31)-C(30)-C(32)            59.00(18) 
            C(31)-C(30)-Zr(2)           117.6(2) 
            C(32)-C(30)-Zr(2)           120.6(2) 
            C(31)-C(30)-H(30)           115.9 
            C(32)-C(30)-H(30)           115.9 
            Zr(2)-C(30)-H(30)           115.9 
            C(32)-C(31)-C(30)            61.02(18) 
            C(32)-C(31)-H(31A)          117.7 
            C(30)-C(31)-H(31A)          117.7 
            C(32)-C(31)-H(31B)          117.7 
            C(30)-C(31)-H(31B)          117.7 
            H(31A)-C(31)-H(31B)         114.8 
            C(31)-C(32)-C(30)            59.98(18) 
            C(31)-C(32)-H(32A)          117.8 
            C(30)-C(32)-H(32A)          117.8 
            C(31)-C(32)-H(32B)          117.8 
            C(30)-C(32)-H(32B)          117.8 
            H(32A)-C(32)-H(32B)         114.9 
            C(3)-C(2)-C(1)              108.0(3) 
            C(3)-C(2)-Zr(1)              73.07(17) 
            C(1)-C(2)-Zr(1)              74.79(15) 
            C(3)-C(2)-H(2)              126.0 
            C(1)-C(2)-H(2)              126.0 
            Zr(1)-C(2)-H(2)             118.1 
            C(2)-C(3)-C(4)              108.2(3) 
            C(2)-C(3)-Zr(1)              74.62(17) 
            C(4)-C(3)-Zr(1)              74.57(16) 
            C(2)-C(3)-H(3)              125.9 
            C(27)-Zr(2)-C(23)           137.03(11) 
            C(30)-Zr(2)-C(23)            99.78(12) 
            C(18')-Zr(2)-C(23)           78.6(3) 
            C(20')-Zr(2)-C(23)          129.2(2) 
            C(19)-Zr(2)-C(23)            91.2(4) 
            C(19')-Zr(2)-C(23)           97.3(2) 
            C(27)-Zr(2)-C(24)           112.01(11) 
            C(30)-Zr(2)-C(24)           130.00(11) 
            C(18')-Zr(2)-C(24)           81.2(2) 
            C(20')-Zr(2)-C(24)          112.99(19) 
            C(19)-Zr(2)-C(24)            78.4(4) 
            C(19')-Zr(2)-C(24)           82.7(3) 
            C(23)-Zr(2)-C(24)            32.54(13) 
            C(27)-Zr(2)-C(22)           117.80(11) 
            C(30)-Zr(2)-C(22)            77.32(11) 
            C(18')-Zr(2)-C(22)          107.9(3) 
            C(20')-Zr(2)-C(22)          161.4(2) 
            C(19)-Zr(2)-C(22)           123.5(4) 
            C(19')-Zr(2)-C(22)          129.6(2) 
            C(23)-Zr(2)-C(22)            32.31(11) 
            C(24)-Zr(2)-C(22)            53.46(11) 
            C(27)-Zr(2)-C(21')           91.9(2) 
            C(30)-Zr(2)-C(21')           81.78(19) 
            C(18')-Zr(2)-C(21')          54.3(3) 
            C(20')-Zr(2)-C(21')          32.4(2) 
            C(19)-Zr(2)-C(21')           56.8(5) 
            C(19')-Zr(2)-C(21')          53.7(3) 
            C(23)-Zr(2)-C(21')          129.4(2) 
            C(24)-Zr(2)-C(21')          133.79(18) 
            C(22)-Zr(2)-C(21')          145.3(2) 
            C(27)-Zr(2)-C(25)            84.11(10) 
            C(30)-Zr(2)-C(25)           122.35(10) 
            C(18')-Zr(2)-C(25)          112.1(2) 
            C(20')-Zr(2)-C(25)          124.1(2) 
            C(19)-Zr(2)-C(25)           101.4(4) 
            C(19')-Zr(2)-C(25)          103.3(3) 
            C(23)-Zr(2)-C(25)            53.55(11) 
            C(24)-Zr(2)-C(25)            32.30(10) 
            C(22)-Zr(2)-C(25)            53.10(13) 
            C(21')-Zr(2)-C(25)          155.82(19) 
            C(27)-Zr(2)-C(17)           112.9(3) 
            C(30)-Zr(2)-C(17)            79.1(3) 
            C(18')-Zr(2)-C(17)           40.0(3) 
            C(20')-Zr(2)-C(17)           45.8(3) 
            C(19)-Zr(2)-C(17)            53.7(5) 
            C(19')-Zr(2)-C(17)           53.5(4) 
            C(23)-Zr(2)-C(17)           109.0(3) 
            C(24)-Zr(2)-C(17)           120.8(3) 
            C(22)-Zr(2)-C(17)           126.0(3) 
            C(21')-Zr(2)-C(17)           21.0(3) 
            C(25)-Zr(2)-C(17)           152.0(3) 
            C(11)-Zr(1)-C(14)            97.45(11) 
            C(11)-Zr(1)-C(3)            102.75(11) 
            C(14)-Zr(1)-C(3)            132.64(10) 
            C(11)-Zr(1)-C(8)            108.72(12) 
            C(14)-Zr(1)-C(8)            131.33(11) 
            C(3)-Zr(1)-C(8)              81.05(10) 
            C(11)-Zr(1)-C(7)            136.40(13) 
            C(14)-Zr(1)-C(7)            102.99(12) 
            C(3)-Zr(1)-C(7)              91.03(10) 
            C(8)-Zr(1)-C(7)              32.46(13) 
            C(11)-Zr(1)-C(2)            130.19(10) 
            C(14)-Zr(1)-C(2)            105.42(11) 
            C(3)-Zr(1)-C(2)              32.31(10) 
            C(8)-Zr(1)-C(2)              88.26(10) 
            C(7)-Zr(1)-C(2)              80.38(10) 
            C(11)-Zr(1)-C(4)             76.51(11) 
            C(14)-Zr(1)-C(4)            118.06(11) 
            C(3)-Zr(1)-C(4)              32.73(10) 
            C(8)-Zr(1)-C(4)             107.75(11) 
            C(7)-Zr(1)-C(4)             123.65(10) 
            C(2)-Zr(1)-C(4)              53.69(10) 
            C(11)-Zr(1)-C(6)            121.80(13) 
            C(14)-Zr(1)-C(6)             77.82(11) 
            C(3)-Zr(1)-C(6)             122.99(11) 
            C(8)-Zr(1)-C(6)              53.55(12) 
            C(7)-Zr(1)-C(6)              32.18(11) 
            C(2)-Zr(1)-C(6)             106.16(12) 
            C(4)-Zr(1)-C(6)             155.72(11) 
            C(11)-Zr(1)-C(5)             85.46(11) 
            C(14)-Zr(1)-C(5)             86.69(10) 
            C(3)-Zr(1)-C(5)              53.37(10) 
            C(8)-Zr(1)-C(5)             134.40(10) 
            C(7)-Zr(1)-C(5)             133.33(10) 
            C(2)-Zr(1)-C(5)              53.23(9) 
            C(4)-Zr(1)-C(5)              31.96(11) 
            C(6)-Zr(1)-C(5)             149.87(13) 





            C(4)-C(3)-H(3)              125.9 
            Zr(1)-C(3)-H(3)             116.9 
            C(5)-C(4)-C(3)              107.1(3) 
            C(5)-C(4)-Zr(1)              74.15(16) 
            C(3)-C(4)-Zr(1)              72.70(15) 
            C(5)-C(4)-H(4)              126.4 
            C(3)-C(4)-H(4)              126.4 
            Zr(1)-C(4)-H(4)             118.7 
            C(4)-C(5)-C(1)              109.0(2) 
            C(4)-C(5)-Zr(1)              73.89(16) 
            C(1)-C(5)-Zr(1)              74.52(14) 
            C(4)-C(5)-H(5)              125.5 
            C(1)-C(5)-H(5)              125.5 
            Zr(1)-C(5)-H(5)             117.9 
            C(5)-C(1)-C(2)              107.7(3) 
            C(5)-C(1)-Zr(1)              73.41(15) 
            C(2)-C(1)-Zr(1)              73.08(15) 
            C(5)-C(1)-H(1)              126.2 
            C(2)-C(1)-H(1)              126.2 
            Zr(1)-C(1)-H(1)             119.2 
            C(9)-C(8)-C(7)              107.3(3) 
            C(9)-C(8)-Zr(1)              74.92(18) 
            C(7)-C(8)-Zr(1)              73.78(18) 
            C(9)-C(8)-H(8)              126.4 
            C(7)-C(8)-H(8)              126.4 
            Zr(1)-C(8)-H(8)             117.1 
            C(6)-C(7)-C(8)              108.4(4) 
            C(6)-C(7)-Zr(1)              74.70(17) 
            C(8)-C(7)-Zr(1)              73.75(17) 
            C(6)-C(7)-H(7)              125.8 
            C(8)-C(7)-H(7)              125.8 
            Zr(1)-C(7)-H(7)             117.7 
            C(10)-C(6)-C(7)             107.9(4) 
            C(10)-C(6)-Zr(1)             74.59(19) 
            C(7)-C(6)-Zr(1)              73.12(16) 
            C(10)-C(6)-H(6)             126.1 
            C(7)-C(6)-H(6)              126.1 
            Zr(1)-C(6)-H(6)             118.2 
            C(6)-C(10)-C(9)             108.0(3) 
            C(6)-C(10)-Zr(1)             73.53(18) 
            C(9)-C(10)-Zr(1)             73.68(18) 
            C(6)-C(10)-H(10)            126.0 
            C(9)-C(10)-H(10)            126.0 
            Zr(1)-C(10)-H(10)           118.7 
            C(8)-C(9)-C(10)             108.5(4) 
            C(8)-C(9)-Zr(1)              72.96(18) 
            C(10)-C(9)-Zr(1)             74.38(19) 
            C(8)-C(9)-H(9)              125.8 
            C(10)-C(9)-H(9)             125.8 
            Zr(1)-C(9)-H(9)             118.8 
            C(16)-C(14)-C(15)            58.6(2) 
            C(16)-C(14)-Zr(1)           119.2(2) 
            C(15)-C(14)-Zr(1)           120.7(2) 
            C(16)-C(14)-H(14)           115.5 
            C(15)-C(14)-H(14)           115.5 
            Zr(1)-C(14)-H(14)           115.5 
            C(15)-C(16)-C(14)            60.9(2) 
            C(15)-C(16)-H(16A)          117.7 
            C(14)-C(16)-H(16A)          117.7 
            C(15)-C(16)-H(16B)          117.7 
            C(14)-C(16)-H(16B)          117.7 
            H(16A)-C(16)-H(16B)         114.8 
            C(16)-C(15)-C(14)            60.5(2) 
            C(16)-C(15)-H(15A)          117.7 
            C(14)-C(15)-H(15A)          117.7 
            C(16)-C(15)-H(15B)          117.7 
            C(14)-C(15)-H(15B)          117.7 
            H(15A)-C(15)-H(15B)         114.8 
            C(12)-C(11)-C(13)            59.0(2) 
            C(12)-C(11)-Zr(1)           131.2(2) 
            C(13)-C(11)-Zr(1)           130.6(2) 
            C(12)-C(11)-H(11)           109.1 
            C(13)-C(11)-H(11)           109.1 
            Zr(1)-C(11)-H(11)           109.1 
            C(12)-C(13)-C(11)            59.6(2) 
            C(12)-C(13)-H(13A)          117.8 
            C(11)-C(13)-H(13A)          117.8 
            C(12)-C(13)-H(13B)          117.8 
            C(11)-C(13)-H(13B)          117.8 
            H(13A)-C(13)-H(13B)         114.9 
            C(13)-C(12)-C(11)            61.4(2) 
            C(13)-C(12)-H(12A)          117.6 
            C(11)-C(12)-H(12A)          117.6 
            C(13)-C(12)-H(12B)          117.6 
            C(11)-C(12)-H(12B)          117.6 
            H(12A)-C(12)-H(12B)         114.7 
            C(34)-C(33)-C(37)           107.9(3) 
            C(34)-C(33)-Zr(3)            73.78(18) 
            C(14)-Zr(1)-C(9)            118.93(12) 
            C(3)-Zr(1)-C(9)             105.74(11) 
            C(8)-Zr(1)-C(9)              32.11(11) 
            C(7)-Zr(1)-C(9)              53.06(12) 
            C(2)-Zr(1)-C(9)             120.01(11) 
            C(4)-Zr(1)-C(9)             121.26(14) 
            C(6)-Zr(1)-C(9)              52.94(13) 
            C(5)-Zr(1)-C(9)             153.13(13) 
            C(11)-Zr(1)-C(10)            90.61(13) 
            C(14)-Zr(1)-C(10)            87.20(13) 
            C(3)-Zr(1)-C(10)            134.23(11) 
            C(8)-Zr(1)-C(10)             53.28(11) 
            C(7)-Zr(1)-C(10)             53.00(12) 
            C(2)-Zr(1)-C(10)            133.38(11) 
            C(4)-Zr(1)-C(10)            152.61(15) 
            C(6)-Zr(1)-C(10)             31.88(14) 
            C(5)-Zr(1)-C(10)            172.25(10) 
            C(9)-Zr(1)-C(10)             31.94(13) 
            C(11)-Zr(1)-C(1)            117.25(10) 
            C(14)-Zr(1)-C(1)             79.29(10) 
            C(3)-Zr(1)-C(1)              53.36(9) 
            C(8)-Zr(1)-C(1)             119.79(10) 
            C(7)-Zr(1)-C(1)             104.25(11) 
            C(2)-Zr(1)-C(1)              32.13(9) 
            C(4)-Zr(1)-C(1)              53.29(11) 
            C(6)-Zr(1)-C(1)             118.52(13) 
            C(5)-Zr(1)-C(1)              32.06(10) 
            C(9)-Zr(1)-C(1)             151.88(10) 
            C(10)-Zr(1)-C(1)            150.20(14) 
            C(46)-Zr(3)-C(43)            96.52(16) 
            C(46)-Zr(3)-C(46')           20.3(2) 
            C(43)-Zr(3)-C(46')          116.0(3) 
            C(46)-Zr(3)-C(39)           129.20(18) 
            C(43)-Zr(3)-C(39)           107.26(15) 
            C(46')-Zr(3)-C(39)          122.3(3) 
            C(46)-Zr(3)-C(38)           100.4(2) 
            C(43)-Zr(3)-C(38)           131.63(13) 
            C(46')-Zr(3)-C(38)           90.4(3) 
            C(39)-Zr(3)-C(38)            32.11(16) 
            C(46)-Zr(3)-C(36)           139.63(17) 
            C(43)-Zr(3)-C(36)            98.76(12) 
            C(46')-Zr(3)-C(36)          125.2(3) 
            C(39)-Zr(3)-C(36)            80.71(12) 
            C(38)-Zr(3)-C(36)            96.83(14) 
            C(46)-Zr(3)-C(35)           115.44(17) 
            C(43)-Zr(3)-C(35)           128.75(11) 
            C(46')-Zr(3)-C(35)           96.8(3) 
            C(39)-Zr(3)-C(35)            83.20(11) 
            C(38)-Zr(3)-C(35)            82.66(11) 
            C(36)-Zr(3)-C(35)            31.95(13) 
            C(46)-Zr(3)-C(40)           119.33(18) 
            C(43)-Zr(3)-C(40)            79.45(12) 
            C(46')-Zr(3)-C(40)          125.8(2) 
            C(39)-Zr(3)-C(40)            31.92(13) 
            C(38)-Zr(3)-C(40)            52.77(15) 
            C(36)-Zr(3)-C(40)           100.15(12) 
            C(35)-Zr(3)-C(40)           112.96(12) 
            C(46)-Zr(3)-C(34)            87.19(16) 
            C(43)-Zr(3)-C(34)           122.70(12) 
            C(46')-Zr(3)-C(34)           72.2(3) 
            C(39)-Zr(3)-C(34)           113.83(13) 
            C(38)-Zr(3)-C(34)           103.21(12) 
            C(36)-Zr(3)-C(34)            53.27(12) 
            C(35)-Zr(3)-C(34)            32.31(11) 
            C(40)-Zr(3)-C(34)           144.95(12) 
            C(46)-Zr(3)-C(37)           119.43(17) 
            C(43)-Zr(3)-C(37)            76.78(11) 
            C(46')-Zr(3)-C(37)          115.9(2) 
            C(39)-Zr(3)-C(37)           109.55(13) 
            C(38)-Zr(3)-C(37)           129.07(14) 
            C(36)-Zr(3)-C(37)            32.24(10) 
            C(35)-Zr(3)-C(37)            53.07(11) 
            C(40)-Zr(3)-C(37)           118.22(14) 
            C(34)-Zr(3)-C(37)            53.11(15) 
            C(46)-Zr(3)-C(33)            89.51(16) 
            C(43)-Zr(3)-C(33)            90.64(11) 
            C(46')-Zr(3)-C(33)           83.8(2) 
            C(39)-Zr(3)-C(33)           132.99(11) 
            C(38)-Zr(3)-C(33)           134.11(12) 
            C(36)-Zr(3)-C(33)            53.32(11) 
            C(35)-Zr(3)-C(33)            53.24(10) 
            C(40)-Zr(3)-C(33)           150.20(13) 
            C(34)-Zr(3)-C(33)            32.08(11) 
            C(37)-Zr(3)-C(33)            32.08(11) 
            C(46)-Zr(3)-C(42)            76.44(17) 
            C(43)-Zr(3)-C(42)           113.60(13) 
            C(46')-Zr(3)-C(42)           75.0(2) 
            C(39)-Zr(3)-C(42)            53.05(15) 




            C(37)-C(33)-Zr(3)            73.95(18) 
            C(34)-C(33)-H(33)           126.0 
            C(37)-C(33)-H(33)           126.0 
            Zr(3)-C(33)-H(33)           118.2 
            C(33)-C(34)-C(35)           107.6(3) 
            C(33)-C(34)-Zr(3)            74.14(19) 
            C(35)-C(34)-Zr(3)            73.08(17) 
            C(33)-C(34)-H(34)           126.2 
            C(35)-C(34)-H(34)           126.2 
            Zr(3)-C(34)-H(34)           118.5 
            C(36)-C(35)-C(34)           108.5(3) 
            C(36)-C(35)-Zr(3)            74.01(18) 
            C(34)-C(35)-Zr(3)            74.62(17) 
            C(36)-C(35)-H(35)           125.7 
            C(34)-C(35)-H(35)           125.7 
            Zr(3)-C(35)-H(35)           117.6 
            C(35)-C(36)-C(37)           108.2(3) 
            C(35)-C(36)-Zr(3)            74.03(18) 
            C(37)-C(36)-Zr(3)            74.83(17) 
            C(35)-C(36)-H(36)           125.9 
            C(37)-C(36)-H(36)           125.9 
            Zr(3)-C(36)-H(36)           117.2 
            C(33)-C(37)-C(36)           107.8(3) 
            C(33)-C(37)-Zr(3)            73.97(19) 
            C(36)-C(37)-Zr(3)            72.92(18) 
            C(33)-C(37)-H(37)           126.1 
            C(36)-C(37)-H(37)           126.1 
            Zr(3)-C(37)-H(37)           118.9 
            C(39)-C(38)-C(42)           108.0(4) 
            C(39)-C(38)-Zr(3)            73.8(2) 
            C(42)-C(38)-Zr(3)            75.61(19) 
            C(39)-C(38)-H(38)           126.0 
            C(42)-C(38)-H(38)           126.0 
            Zr(3)-C(38)-H(38)           116.7 
            C(40)-C(39)-C(38)           107.9(4) 
            C(40)-C(39)-Zr(3)            75.17(18) 
            C(38)-C(39)-Zr(3)            74.1(2) 
            C(40)-C(39)-H(39)           126.1 
            C(38)-C(39)-H(39)           126.1 
            Zr(3)-C(39)-H(39)           116.7 
            C(39)-C(40)-C(41)           108.5(4) 
            C(39)-C(40)-Zr(3)            72.90(19) 
            C(41)-C(40)-Zr(3)            75.2(2) 
 
 
            C(38)-Zr(3)-C(42)            32.22(13) 
            C(36)-Zr(3)-C(42)           128.86(13) 
            C(35)-Zr(3)-C(42)           112.26(12) 
            C(40)-Zr(3)-C(42)            52.43(15) 
            C(34)-Zr(3)-C(42)           122.71(14) 
            C(37)-Zr(3)-C(42)           161.03(13) 
            C(33)-Zr(3)-C(42)           152.93(14) 
            C(48)-C(46)-C(47)            58.4(6) 
            C(48)-C(46)-Zr(3)           132.6(7) 
            C(47)-C(46)-Zr(3)           129.1(4) 
            C(48)-C(46)-H(46)           109.2 
            C(47)-C(46)-H(46)           109.2 
            Zr(3)-C(46)-H(46)           109.2 
            C(48)-C(47)-C(46)            60.4(5) 
            C(48)-C(47)-H(47A)          117.7 
            C(46)-C(47)-H(47A)          117.7 
            C(48)-C(47)-H(47B)          117.7 
            C(46)-C(47)-H(47B)          117.7 
            H(47A)-C(47)-H(47B)         114.8 
            C(47)-C(48)-C(46)            61.2(4) 
            C(47)-C(48)-H(48A)          117.7 
            C(46)-C(48)-H(48A)          117.7 
            C(47)-C(48)-H(48B)          117.6 
            C(46)-C(48)-H(48B)          117.6 
            H(48A)-C(48)-H(48B)         114.8 
            C(48')-C(46')-C(47')         57.7(9) 
            C(48')-C(46')-Zr(3)         123.8(10) 
            C(47')-C(46')-Zr(3)         123.5(9) 
            C(48')-C(46')-H(46')        113.6 
            C(47')-C(46')-H(46')        113.6 
            Zr(3)-C(46')-H(46')         113.6 
            C(48')-C(47')-C(46')         60.6(8) 
            C(48')-C(47')-H(47C)        117.7 
            C(46')-C(47')-H(47C)        117.7 
            C(48')-C(47')-H(47D)        117.7 
            C(46')-C(47')-H(47D)        117.7 
            H(47C)-C(47')-H(47D)        114.8 
            C(47')-C(48')-C(46')         61.7(6) 
            C(47')-C(48')-H(48C)        117.6 
            C(46')-C(48')-H(48C)        117.6 
            C(47')-C(48')-H(48D)        117.6 
            C(46')-C(48')-H(48D)        117.6 
            H(48C)-C(48')-H(48D)        114.7 
 
 
Table 27. Crystal data and structure refinement for 25 
Empirical formula C17 H18 S Zr 
Formula weight                     345.59 
Temperature      180(2) K 
Wavelength                         0.71073 A 
Crystal system, space group        Monoclinic, P 1 21/c 1 
Unit cell dimensions              a = 13.0228(6) A   alpha = 90 deg. 
 b = 8.2073(4) A    beta = 111.593(2) deg. 
 c = 14.8470(7) A   gamma = 90 deg. 
Volume   1475.51(12) A^3 
Z, Calculated density              4, 1.556 Mg/m^3 





F(000)                             704 
Crystal size                       0.15 x 0.1 x 0.05 mm 
Theta range for data collection    2.81 to 32.21 deg. 
Limiting indices                   -19<=h<=19, -12<=k<=12, -22<=l<=22 
Reflections collected / unique     40404 / 5089 [R(int) = 0.0316] 
Completeness to theta = 32.21      97.5 % 
Absorption correction              Semi-empirical from equivalents 
Max. and min. transmission         0.8952 and 0.7864 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     5089 / 0 / 172 
Goodness-of-fit on F^2             1.035 
Final R indices [I>2sigma(I)]      R1 = 0.0289, wR2 = 0.0688 
R indices (all data)               R1 = 0.0384, wR2 = 0.0738 
Largest diff. peak and hole        0.563 and -0.798 e.A^-3 
 
 
Table 28. Bond lengths [Å] for 25 
 
            C(1)-C(2)                     1.412(3) 
            C(1)-S(1)                     1.7252(18) 
            C(1)-Zr(1)                    2.2909(18) 
            C(2)-C(3)                     1.431(3) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.348(3) 
            C(3)-H(3)                     0.9500 
            C(4)-S(1)                     1.704(3) 
            C(4)-H(4)                     0.9500 
            C(5)-C(7)                     1.513(3) 
            C(5)-C(6)                     1.515(3) 
            C(5)-Zr(1)                    2.2511(18) 
            C(5)-H(5)                     1.0000 
            C(6)-C(7)                     1.493(3) 
            C(6)-H(6A)                    0.9900 
            C(6)-H(6B)                    0.9900 
            C(7)-H(7A)                    0.9900 
            C(7)-H(7B)                    0.9900 
            C(8)-C(12)                    1.397(3) 
            C(8)-C(9)                     1.398(3) 
            C(8)-Zr(1)                    2.5301(19) 
            C(8)-H(8)                     1.0000 
            C(9)-C(10)                    1.411(3) 
            C(9)-Zr(1)                    2.5396(18) 
 
            C(9)-H(9)                     1.0000 
            C(10)-C(11)                   1.403(3) 
            C(10)-Zr(1)                   2.5312(18) 
            C(10)-H(10)                   1.0000 
            C(11)-C(12)                   1.410(4) 
            C(11)-Zr(1)                   2.5111(19) 
            C(11)-H(11)                   1.0000 
            C(12)-Zr(1)                   2.503(2) 
            C(12)-H(12)                   1.0000 
            C(13)-C(17)                   1.394(3) 
            C(13)-C(14)                   1.412(3) 
            C(13)-Zr(1)                   2.5274(18) 
            C(13)-H(13)                   1.0000 
            C(14)-C(15)                   1.398(4) 
            C(14)-Zr(1)                   2.5243(19) 
            C(14)-H(14)                   1.0000 
            C(15)-C(16)                   1.408(3) 
            C(15)-Zr(1)                   2.5028(19) 
            C(15)-H(15)                   1.0000 
            C(16)-C(17)                   1.402(3) 
            C(16)-Zr(1)                   2.4977(19) 
            C(16)-H(16)                   1.0000 
            C(17)-Zr(1)                   2.5222(18) 
            C(17)-H(17)                   1.0000 
 
 
Table 29. Angles [°] for 25 
            C(2)-C(1)-S(1)              106.87(14) 
            C(2)-C(1)-Zr(1)             128.31(13) 
            S(1)-C(1)-Zr(1)             123.18(9) 
            C(1)-C(2)-C(3)              113.98(19) 
            C(1)-C(2)-H(2)              123.0 
            C(3)-C(2)-H(2)              123.0 
            C(4)-C(3)-C(2)              113.1(2) 
            C(4)-C(3)-H(3)              123.5 
            C(2)-C(3)-H(3)              123.5 
            C(3)-C(4)-S(1)              110.70(17) 
            C(3)-C(4)-H(4)              124.7 
            S(1)-C(4)-H(4)              124.7 
            C(7)-C(5)-C(6)               59.10(13) 
            C(7)-C(5)-Zr(1)             122.61(14) 
            C(6)-C(5)-Zr(1)             116.70(14) 
            C(7)-C(5)-H(5)              115.5 
            C(6)-C(5)-H(5)              115.5 
            Zr(1)-C(5)-H(5)             115.5 
            C(7)-C(6)-C(5)               60.37(13) 
            C(7)-C(6)-H(6A)             117.7 
            C(5)-C(6)-H(6A)             117.7 
            C(7)-C(6)-H(6B)             117.7 
            C(5)-C(6)-H(6B)             117.7 
            H(6A)-C(6)-H(6B)            114.9 
            C(6)-C(7)-C(5)               60.53(14) 
            C(6)-C(7)-H(7A)             117.7 
            C(5)-C(7)-H(7A)             117.7 
            C(6)-C(7)-H(7B)             117.7 
            C(17)-C(16)-Zr(1)            74.74(11) 
            C(15)-C(16)-Zr(1)            73.84(11) 
            C(17)-C(16)-H(16)           125.6 
            C(15)-C(16)-H(16)           125.6 
            Zr(1)-C(16)-H(16)           125.6 
            C(13)-C(17)-C(16)           108.38(19) 
            C(13)-C(17)-Zr(1)            74.18(10) 
            C(16)-C(17)-Zr(1)            72.82(11) 
            C(13)-C(17)-H(17)           125.5 
            C(16)-C(17)-H(17)           125.5 
            Zr(1)-C(17)-H(17)           125.5 
            C(5)-Zr(1)-C(1)              99.57(7) 
            C(5)-Zr(1)-C(16)            102.36(7) 
            C(1)-Zr(1)-C(16)            133.66(7) 
            C(5)-Zr(1)-C(12)             95.18(8) 
            C(1)-Zr(1)-C(12)            136.81(7) 
            C(16)-Zr(1)-C(12)            80.93(8) 
            C(5)-Zr(1)-C(15)            130.82(7) 
            C(1)-Zr(1)-C(15)            105.68(8) 
            C(16)-Zr(1)-C(15)            32.71(8) 
            C(12)-Zr(1)-C(15)            94.28(8) 
            C(5)-Zr(1)-C(11)            126.64(8) 
            C(1)-Zr(1)-C(11)            113.96(8) 
            C(16)-Zr(1)-C(11)            83.77(7) 
            C(12)-Zr(1)-C(11)            32.66(8) 
            C(15)-Zr(1)-C(11)            79.37(8) 
            C(5)-Zr(1)-C(17)             77.08(7) 
            C(1)-Zr(1)-C(17)            119.63(7) 




            C(5)-C(7)-H(7B)             117.7 
            H(7A)-C(7)-H(7B)            114.8 
            C(12)-C(8)-C(9)             108.5(2) 
            C(12)-C(8)-Zr(1)             72.81(12) 
            C(9)-C(8)-Zr(1)              74.37(11) 
            C(12)-C(8)-H(8)             125.5 
            C(9)-C(8)-H(8)              125.5 
            Zr(1)-C(8)-H(8)             125.5 
            C(8)-C(9)-C(10)             107.96(19) 
            C(8)-C(9)-Zr(1)              73.61(11) 
            C(10)-C(9)-Zr(1)             73.51(10) 
            C(8)-C(9)-H(9)              125.7 
            C(10)-C(9)-H(9)             125.7 
            Zr(1)-C(9)-H(9)             125.7 
            C(11)-C(10)-C(9)            107.6(2) 
            C(11)-C(10)-Zr(1)            73.05(11) 
            C(9)-C(10)-Zr(1)             74.17(11) 
            C(11)-C(10)-H(10)           125.8 
            C(9)-C(10)-H(10)            125.8 
            Zr(1)-C(10)-H(10)           125.8 
            C(10)-C(11)-C(12)           108.13(19) 
            C(10)-C(11)-Zr(1)            74.63(11) 
            C(12)-C(11)-Zr(1)            73.34(11) 
            C(10)-C(11)-H(11)           125.6 
            C(12)-C(11)-H(11)           125.6 
            Zr(1)-C(11)-H(11)           125.6 
            C(8)-C(12)-C(11)            107.8(2) 
            C(8)-C(12)-Zr(1)             74.96(11) 
            C(11)-C(12)-Zr(1)            74.00(12) 
            C(8)-C(12)-H(12)            125.6 
            C(11)-C(12)-H(12)           125.6 
            Zr(1)-C(12)-H(12)           125.6 
            C(17)-C(13)-C(14)           107.81(19) 
            C(17)-C(13)-Zr(1)            73.78(11) 
            C(14)-C(13)-Zr(1)            73.65(11) 
            C(17)-C(13)-H(13)           125.8 
            C(14)-C(13)-H(13)           125.8 
            Zr(1)-C(13)-H(13)           125.8 
            C(15)-C(14)-C(13)           108.1(2) 
            C(15)-C(14)-Zr(1)            73.00(12) 
            C(13)-C(14)-Zr(1)            73.89(11) 
            C(15)-C(14)-H(14)           125.7 
            C(13)-C(14)-H(14)           125.7 
            Zr(1)-C(14)-H(14)           125.7 
            C(14)-C(15)-C(16)           107.80(19) 
            C(14)-C(15)-Zr(1)            74.70(11) 
            C(16)-C(15)-Zr(1)            73.45(11) 
            C(14)-C(15)-H(15)           125.7 
            C(16)-C(15)-H(15)           125.7 
            Zr(1)-C(15)-H(15)           125.7 
            C(17)-C(16)-C(15)           107.9(2) 
 
            C(16)-Zr(1)-C(17)            32.44(7) 
            C(12)-Zr(1)-C(17)           103.15(8) 
            C(15)-Zr(1)-C(17)            53.77(7) 
            C(11)-Zr(1)-C(17)           115.16(7) 
            C(5)-Zr(1)-C(14)            118.64(8) 
            C(1)-Zr(1)-C(14)             79.98(7) 
            C(16)-Zr(1)-C(14)            53.68(8) 
            C(12)-Zr(1)-C(14)           126.58(8) 
            C(15)-Zr(1)-C(14)            32.30(8) 
            C(11)-Zr(1)-C(14)           107.56(8) 
            C(17)-Zr(1)-C(14)            53.39(7) 
            C(5)-Zr(1)-C(13)             86.37(7) 
            C(1)-Zr(1)-C(13)             88.02(7) 
            C(16)-Zr(1)-C(13)            53.64(7) 
            C(12)-Zr(1)-C(13)           133.48(7) 
            C(15)-Zr(1)-C(13)            53.77(7) 
            C(11)-Zr(1)-C(13)           132.59(7) 
            C(17)-Zr(1)-C(13)            32.04(7) 
            C(14)-Zr(1)-C(13)            32.46(7) 
            C(5)-Zr(1)-C(8)              75.38(7) 
            C(1)-Zr(1)-C(8)             115.09(7) 
            C(16)-Zr(1)-C(8)            109.76(8) 
            C(12)-Zr(1)-C(8)             32.23(8) 
            C(15)-Zr(1)-C(8)            126.45(8) 
            C(11)-Zr(1)-C(8)             53.46(7) 
            C(17)-Zr(1)-C(8)            121.61(7) 
            C(14)-Zr(1)-C(8)            158.68(8) 
            C(13)-Zr(1)-C(8)            152.34(8) 
            C(5)-Zr(1)-C(10)            123.78(7) 
            C(1)-Zr(1)-C(10)             84.71(7) 
            C(16)-Zr(1)-C(10)           114.49(7) 
            C(12)-Zr(1)-C(10)            53.80(8) 
            C(15)-Zr(1)-C(10)           100.28(7) 
            C(11)-Zr(1)-C(10)            32.32(8) 
            C(17)-Zr(1)-C(10)           146.80(7) 
            C(14)-Zr(1)-C(10)           117.31(8) 
            C(13)-Zr(1)-C(10)           149.76(7) 
            C(8)-Zr(1)-C(10)             53.36(7) 
            C(5)-Zr(1)-C(9)              91.70(7) 
            C(1)-Zr(1)-C(9)              85.55(6) 
            C(16)-Zr(1)-C(9)            133.46(7) 
            C(12)-Zr(1)-C(9)             53.49(7) 
            C(15)-Zr(1)-C(9)            131.21(7) 
            C(11)-Zr(1)-C(9)             53.46(7) 
            C(17)-Zr(1)-C(9)            153.56(7) 
            C(14)-Zr(1)-C(9)            148.04(7) 
            C(13)-Zr(1)-C(9)            172.89(7) 
            C(8)-Zr(1)-C(9)              32.02(7) 
            C(10)-Zr(1)-C(9)             32.32(7) 
            C(4)-S(1)-C(1)               95.32(11) 
 
 
Table 30. Crystal data and structure refinement for 29 
Empirical formula                  C18 H19 N Zr 
Formula weight                     340.56 
Temperature                        180(2) K 
Wavelength                         0.71073 A 
Crystal system, space group        orthorhombic,  P c a 21 





 b = 7.6243(3) A    beta = 90 deg. 
 c = 7.9330(3) A   gamma = 90 deg. 
Volume   1485.23(10) A^3 
Z, Calculated density              4,  1.523 Mg/m^3 
Absorption coefficient             0.729 mm^-1 
F(000)                             696 
Crystal size                       0.1 x 0.04 x 0.04 mm 
Theta range for data collection    3.15 to 25.34 deg. 
Limiting indices                   -29<=h<=29, -9<=k<=9, -9<=l<=9 
Reflections collected / unique     14509 / 2711 [R(int) = 0.0885] 
Completeness to theta = 25.34      99.7 % 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     2711 / 1 / 183 
Goodness-of-fit on F^2             1.013 
Final R indices [I>2sigma(I)]      R1 = 0.0395, wR2 = 0.0554 
R indices (all data)               R1 = 0.0631, wR2 = 0.0619 
Largest diff. peak and hole        0.430 and -0.309 e.A^-3 
Empirical formula                  C18 H19 N Zr 
Formula weight                     340.56 
 
 
Table 31. Bond lengths [Å] for 29 
            C(1)-C(5)                     1.361(7) 
            C(1)-C(2)                     1.371(10) 
            C(1)-Zr(1)                    2.558(5) 
            C(1)-H(1)                     0.9500 
            C(2)-C(3)                     1.400(8) 
            C(2)-Zr(1)                    2.524(6) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.363(8) 
            C(3)-Zr(1)                    2.491(5) 
            C(3)-H(3)                     0.9500 
            C(4)-C(5)                     1.343(10) 
            C(4)-Zr(1)                    2.492(5) 
            C(4)-H(4)                     0.9500 
            C(5)-Zr(1)                    2.552(4) 
            C(5)-H(5)                     0.9500 
            C(6)-C(10)                    1.377(6) 
            C(6)-C(7)                     1.421(6) 
            C(6)-Zr(1)                    2.530(4) 
            C(6)-H(6)                     0.9500 
            C(7)-C(8)                     1.385(7) 
            C(7)-Zr(1)                    2.527(5) 
            C(7)-H(7)                     0.9500 
            C(8)-C(9)                     1.397(7) 
            C(8)-Zr(1)                    2.533(5) 
            C(8)-H(8)                     0.9500 
            C(9)-C(10)                    1.393(9) 
 
            C(9)-Zr(1)                    2.538(5) 
            C(9)-H(9)                     0.9500 
            C(10)-Zr(1)                   2.530(4) 
            C(10)-H(10)                   0.9500 
            C(11)-C(12)                   1.508(6) 
            C(11)-H(11A)                  0.9800 
            C(11)-H(11B)                  0.9800 
            C(11)-H(11C)                  0.9800 
            C(12)-C(13)                   1.458(7) 
            C(12)-Zr(1)                   2.269(4) 
            C(12)-H(12)                   1.0000 
            C(13)-C(14)                   1.391(7) 
            C(13)-Zr(1)                   2.573(5) 
            C(13)-H(13)                   0.9500 
            C(14)-N(1)                    1.383(6) 
            C(14)-C(15)                   1.431(6) 
            C(14)-Zr(1)                   2.666(5) 
            C(15)-C(16)                   1.349(7) 
            C(15)-H(15)                   0.9500 
            C(16)-C(17)                   1.416(8) 
            C(16)-H(16)                   0.9500 
            C(17)-C(18)                   1.347(7) 
            C(17)-H(17)                   0.9500 
            C(18)-N(1)                    1.376(6) 
            C(18)-H(18)                   0.9500 
            N(1)-Zr(1)                    2.180(4) 
 
 
Table 32. Angles [°] for 29 
            C(5)-C(1)-C(2)              108.1(9) 
            C(5)-C(1)-Zr(1)              74.3(3) 
            C(2)-C(1)-Zr(1)              73.0(3) 
            C(5)-C(1)-H(1)              125.9 
            C(2)-C(1)-H(1)              125.9 
            Zr(1)-C(1)-H(1)             118.7 
            C(1)-C(2)-C(3)              106.9(6) 
            C(1)-C(2)-Zr(1)              75.7(3) 
            C(3)-C(2)-Zr(1)              72.5(3) 
            C(1)-C(2)-H(2)              126.5 
            C(3)-C(2)-H(2)              126.5 
            Zr(1)-C(2)-H(2)             117.4 
            C(4)-C(3)-C(2)              107.1(5) 
            C(4)-C(3)-Zr(1)              74.2(3) 
            C(2)-C(3)-Zr(1)              75.1(3) 
            C(4)-C(3)-H(3)              126.5 
            C(2)-C(3)-H(3)              126.5 
            Zr(1)-C(3)-H(3)             116.5 
            C(5)-C(4)-C(3)              109.0(6) 
            C(5)-C(4)-Zr(1)              77.0(3) 
            C(3)-C(4)-Zr(1)              74.1(3) 
            C(5)-C(4)-H(4)              125.5 
            C(15)-C(14)-Zr(1)           148.6(3) 
            C(16)-C(15)-C(14)           119.8(5) 
            C(16)-C(15)-H(15)           120.1 
            C(14)-C(15)-H(15)           120.1 
            C(15)-C(16)-C(17)           119.7(5) 
            C(15)-C(16)-H(16)           120.1 
            C(17)-C(16)-H(16)           120.1 
            C(18)-C(17)-C(16)           119.2(5) 
            C(18)-C(17)-H(17)           120.4 
            C(16)-C(17)-H(17)           120.4 
            C(17)-C(18)-N(1)            122.4(5) 
            C(17)-C(18)-H(18)           118.8 
            N(1)-C(18)-H(18)            118.8 
            C(18)-N(1)-C(14)            118.6(4) 
            C(18)-N(1)-Zr(1)            141.0(3) 
            C(14)-N(1)-Zr(1)             94.2(3) 
            N(1)-Zr(1)-C(12)             82.21(16) 
            N(1)-Zr(1)-C(3)             127.4(2) 
            C(12)-Zr(1)-C(3)            132.3(2) 
            N(1)-Zr(1)-C(4)              97.12(19) 
            C(12)-Zr(1)-C(4)            128.8(2) 
            C(3)-Zr(1)-C(4)              31.75(19) 




            C(3)-C(4)-H(4)              125.5 
            Zr(1)-C(4)-H(4)             115.4 
            C(4)-C(5)-C(1)              108.9(9) 
            C(4)-C(5)-Zr(1)              72.1(3) 
            C(1)-C(5)-Zr(1)              74.8(3) 
            C(4)-C(5)-H(5)              125.6 
            C(1)-C(5)-H(5)              125.6 
            Zr(1)-C(5)-H(5)             119.3 
            C(10)-C(6)-C(7)             107.1(6) 
            C(10)-C(6)-Zr(1)             74.2(2) 
            C(7)-C(6)-Zr(1)              73.6(3) 
            C(10)-C(6)-H(6)             126.4 
            C(7)-C(6)-H(6)              126.4 
            Zr(1)-C(6)-H(6)             117.8 
            C(8)-C(7)-C(6)              107.8(5) 
            C(8)-C(7)-Zr(1)              74.3(3) 
            C(6)-C(7)-Zr(1)              73.8(3) 
            C(8)-C(7)-H(7)              126.1 
            C(6)-C(7)-H(7)              126.1 
            Zr(1)-C(7)-H(7)             117.8 
            C(7)-C(8)-C(9)              108.4(5) 
            C(7)-C(8)-Zr(1)              73.9(3) 
            C(9)-C(8)-Zr(1)              74.2(3) 
            C(7)-C(8)-H(8)              125.8 
            C(9)-C(8)-H(8)              125.8 
            Zr(1)-C(8)-H(8)             118.0 
            C(10)-C(9)-C(8)             107.4(5) 
            C(10)-C(9)-Zr(1)             73.7(3) 
            C(8)-C(9)-Zr(1)              73.8(3) 
            C(10)-C(9)-H(9)             126.3 
            C(8)-C(9)-H(9)              126.3 
            Zr(1)-C(9)-H(9)             118.2 
            C(6)-C(10)-C(9)             109.3(7) 
            C(6)-C(10)-Zr(1)             74.2(3) 
            C(9)-C(10)-Zr(1)             74.4(3) 
            C(6)-C(10)-H(10)            125.4 
            C(9)-C(10)-H(10)            125.4 
            Zr(1)-C(10)-H(10)           117.9 
            C(12)-C(11)-H(11A)          109.5 
            C(12)-C(11)-H(11B)          109.5 
            H(11A)-C(11)-H(11B)         109.5 
            C(12)-C(11)-H(11C)          109.5 
            H(11A)-C(11)-H(11C)         109.5 
            H(11B)-C(11)-H(11C)         109.5 
            C(13)-C(12)-C(11)           117.1(4) 
            C(13)-C(12)-Zr(1)            84.3(3) 
            C(11)-C(12)-Zr(1)           135.3(3) 
            C(13)-C(12)-H(12)           105.4 
            C(11)-C(12)-H(12)           105.4 
            Zr(1)-C(12)-H(12)           105.4 
            C(14)-C(13)-C(12)           126.5(5) 
            C(14)-C(13)-Zr(1)            78.3(3) 
            C(12)-C(13)-Zr(1)            61.3(2) 
            C(14)-C(13)-H(13)           116.7 
            C(12)-C(13)-H(13)           116.7 
            Zr(1)-C(13)-H(13)           139.2 
            N(1)-C(14)-C(13)            118.3(4) 
            N(1)-C(14)-C(15)            118.6(5) 
            C(13)-C(14)-C(15)           123.0(5) 
            N(1)-C(14)-Zr(1)             54.6(2) 
            C(13)-C(14)-Zr(1)            70.9(3) 
 
            N(1)-Zr(1)-C(2)             143.40(17) 
            C(12)-Zr(1)-C(2)            100.7(2) 
            C(3)-Zr(1)-C(2)              32.4(2) 
            C(4)-Zr(1)-C(2)              52.59(18) 
            N(1)-Zr(1)-C(7)             134.04(16) 
            C(12)-Zr(1)-C(7)            106.96(18) 
            C(3)-Zr(1)-C(7)              79.7(2) 
            C(4)-Zr(1)-C(7)             109.2(2) 
            C(2)-Zr(1)-C(7)              80.5(2) 
            N(1)-Zr(1)-C(10)             83.75(19) 
            C(12)-Zr(1)-C(10)            87.2(2) 
            C(3)-Zr(1)-C(10)            127.4(3) 
            C(4)-Zr(1)-C(10)            143.9(2) 
            C(2)-Zr(1)-C(10)            132.6(2) 
            C(7)-Zr(1)-C(10)             52.9(2) 
            N(1)-Zr(1)-C(6)             112.97(16) 
            C(12)-Zr(1)-C(6)             80.07(17) 
            C(3)-Zr(1)-C(6)             111.47(19) 
            C(4)-Zr(1)-C(6)             141.8(2) 
            C(2)-Zr(1)-C(6)             103.40(18) 
            C(7)-Zr(1)-C(6)              32.64(15) 
            C(10)-Zr(1)-C(6)             31.59(14) 
            N(1)-Zr(1)-C(8)             111.81(17) 
            C(12)-Zr(1)-C(8)            133.24(18) 
            C(3)-Zr(1)-C(8)              75.17(19) 
            C(4)-Zr(1)-C(8)              94.7(2) 
            C(2)-Zr(1)-C(8)              92.8(2) 
            C(7)-Zr(1)-C(8)              31.78(16) 
            C(10)-Zr(1)-C(8)             52.8(2) 
            C(6)-Zr(1)-C(8)              53.22(18) 
            N(1)-Zr(1)-C(9)              82.68(17) 
            C(12)-Zr(1)-C(9)            118.43(18) 
            C(3)-Zr(1)-C(9)             103.29(19) 
            C(4)-Zr(1)-C(9)             112.15(19) 
            C(2)-Zr(1)-C(9)             124.8(2) 
            C(7)-Zr(1)-C(9)              52.91(17) 
            C(10)-Zr(1)-C(9)             31.9(2) 
            C(6)-Zr(1)-C(9)              52.96(17) 
            C(8)-Zr(1)-C(9)              31.99(15) 
            N(1)-Zr(1)-C(5)              91.7(2) 
            C(12)-Zr(1)-C(5)             98.0(3) 
            C(3)-Zr(1)-C(5)              51.8(3) 
            C(4)-Zr(1)-C(5)              30.9(2) 
            C(2)-Zr(1)-C(5)              51.7(2) 
            C(7)-Zr(1)-C(5)             129.5(2) 
            C(10)-Zr(1)-C(5)            172.63(19) 
            C(6)-Zr(1)-C(5)             154.51(19) 
            C(8)-Zr(1)-C(5)             124.5(3) 
            C(9)-Zr(1)-C(5)             141.8(2) 
            N(1)-Zr(1)-C(1)             115.8(2) 
            C(12)-Zr(1)-C(1)             82.5(3) 
            C(3)-Zr(1)-C(1)              52.3(3) 
            C(4)-Zr(1)-C(1)              51.6(2) 
            C(2)-Zr(1)-C(1)              31.3(2) 
            C(7)-Zr(1)-C(1)             110.1(3) 
            C(10)-Zr(1)-C(1)            156.15(18) 
            C(6)-Zr(1)-C(1)             124.8(2) 
            C(8)-Zr(1)-C(1)             123.5(3) 
            C(9)-Zr(1)-C(1)             154.9(3) 








Table 33. Crystal data and structure refinement for 32 
Empirical formula                  C18 H14 F5 N Zr 
Formula weight                     430.52 
Temperature   180(2) K 
Wavelength                         0.71073 A 
Crystal system, space group        monoclinic,  P 21/n 
Unit cell dimensions       a = 8.0437(4) A   alpha = 90 deg. 
 b = 20.0860(8) A    beta = 99.426(2) deg. 
 c = 10.1234(5) A   gamma = 90 deg. 
Volume       1613.51(13) A^3 
Z, Calculated density              4,  1.772 Mg/m^3 
Absorption coefficient             0.735 mm^-1 
F(000)                             856 
Crystal size                       0.08 x 0.06 x 0.02 mm 
Theta range for data collection    2.76 to 25.35 deg. 
Limiting indices                   -9<=h<=9, -24<=k<=24, -12<=l<=12 
Reflections collected / unique     22426 / 2956 [R(int) = 0.0433] 
Completeness to theta = 25.35      99.9 % 
Max. and min. transmission         0.9855 and 0.9436 
Refinement method                  Full-matrix least-squares on F^2 
Data / restraints / parameters     2956 / 0 / 226 
Goodness-of-fit on F^2             1.040 
Final R indices [I>2sigma(I)]      R1 = 0.0219, wR2 = 0.0476 
R indices (all data)               R1 = 0.0305, wR2 = 0.0506 
Largest diff. peak and hole        0.298 and -0.279 e.A^-3 
 
 
Table 34. Bond lengths [Å] for 32 
            C(1)-C(2)                     1.392(3) 
            C(1)-C(5)                     1.398(3) 
            C(1)-Zr(1)                    2.533(2) 
            C(1)-H(1)                     0.9500 
            C(2)-C(3)                     1.401(3) 
            C(2)-Zr(1)                    2.5193(19) 
            C(2)-H(2)                     0.9500 
            C(3)-C(4)                     1.401(3) 
            C(3)-Zr(1)                    2.503(2) 
            C(3)-H(3)                     0.9500 
            C(4)-C(5)                     1.405(3) 
            C(4)-Zr(1)                    2.513(2) 
            C(4)-H(4)                     0.9500 
            C(5)-Zr(1)                    2.517(2) 
            C(5)-H(5)                     0.9500 
            C(6)-C(7)                     1.398(3) 
            C(6)-C(10)                    1.406(3) 
            C(6)-Zr(1)                    2.504(2) 
            C(6)-H(6)                     0.9500 
            C(7)-C(8)                     1.394(3) 
            C(7)-Zr(1)                    2.531(2) 
            C(7)-H(7)                     0.9500 
            C(8)-C(9)                     1.387(3) 
            C(8)-Zr(1)                    2.543(2) 
            C(8)-H(8)                     0.9500 
 
            C(9)-C(10)                    1.394(3) 
            C(9)-Zr(1)                    2.533(2) 
            C(9)-H(9)                     0.9500 
            C(10)-Zr(1)                   2.491(2) 
            C(10)-H(10)                   0.9500 
            C(11)-C(12)                   1.503(3) 
            C(11)-C(13)                   1.543(3) 
            C(11)-Zr(1)                   2.3009(19) 
            C(11)-H(11)                   1.0000 
            C(12)-C(13)                   1.508(3) 
            C(12)-H(12A)                  0.9900 
            C(12)-H(12B)                  0.9900 
            C(13)-C(14)                   1.475(3) 
            C(13)-H(13)                   1.0000 
            C(14)-N(1)                    1.348(3) 
            C(14)-C(15)                   1.383(3) 
            C(15)-F(1)                    1.351(2) 
            C(15)-C(16)                   1.372(3) 
            C(16)-F(2)                    1.338(2) 
            C(16)-C(17)                   1.372(3) 
            C(17)-F(3)                    1.353(2) 
            C(17)-C(18)                   1.370(3) 
            C(18)-N(1)                    1.303(3) 
            C(18)-F(4)                    1.344(2) 
            F(5)-Zr(1)                    1.9498(11) 
 
 
Table 35. Angles [°] for 32 
            C(2)-C(1)-C(5)              108.01(19) 
            C(2)-C(1)-Zr(1)              73.45(12) 
            C(5)-C(1)-Zr(1)              73.28(12) 
            C(2)-C(1)-H(1)              126.0 
            C(5)-C(1)-H(1)              126.0 
            Zr(1)-C(1)-H(1)             119.1 
            C(1)-C(2)-C(3)              108.18(19) 
            C(1)-C(2)-Zr(1)              74.57(11) 
            C(3)-C(2)-Zr(1)              73.16(11) 
            C(1)-C(2)-H(2)              125.9 
            C(3)-C(2)-H(2)              125.9 
            Zr(1)-C(2)-H(2)             118.3 
            C(2)-C(3)-C(4)              108.13(19) 
            C(15)-C(14)-C(13)           121.83(19) 
            F(1)-C(15)-C(16)            118.59(18) 
            F(1)-C(15)-C(14)            120.54(18) 
            C(16)-C(15)-C(14)           120.88(19) 
            F(2)-C(16)-C(15)            120.72(19) 
            F(2)-C(16)-C(17)            120.13(18) 
            C(15)-C(16)-C(17)           119.15(19) 
            F(3)-C(17)-C(18)            122.6(2) 
            F(3)-C(17)-C(16)            120.80(19) 
            C(18)-C(17)-C(16)           116.61(19) 
            N(1)-C(18)-F(4)             116.54(19) 
            N(1)-C(18)-C(17)            125.2(2) 
            F(4)-C(18)-C(17)            118.20(19) 




            C(2)-C(3)-Zr(1)              74.43(11) 
            C(4)-C(3)-Zr(1)              74.15(12) 
            C(2)-C(3)-H(3)              125.9 
            C(4)-C(3)-H(3)              125.9 
            Zr(1)-C(3)-H(3)             117.5 
            C(3)-C(4)-C(5)              107.42(19) 
            C(3)-C(4)-Zr(1)              73.41(12) 
            C(5)-C(4)-Zr(1)              73.96(12) 
            C(3)-C(4)-H(4)              126.3 
            C(5)-C(4)-H(4)              126.3 
            Zr(1)-C(4)-H(4)             118.3 
            C(1)-C(5)-C(4)              108.26(19) 
            C(1)-C(5)-Zr(1)              74.57(12) 
            C(4)-C(5)-Zr(1)              73.61(12) 
            C(1)-C(5)-H(5)              125.9 
            C(4)-C(5)-H(5)              125.9 
            Zr(1)-C(5)-H(5)             117.9 
            C(7)-C(6)-C(10)             107.3(2) 
            C(7)-C(6)-Zr(1)              74.94(12) 
            C(10)-C(6)-Zr(1)             73.14(12) 
            C(7)-C(6)-H(6)              126.3 
            C(10)-C(6)-H(6)             126.3 
            Zr(1)-C(6)-H(6)             117.7 
            C(8)-C(7)-C(6)              108.4(2) 
            C(8)-C(7)-Zr(1)              74.55(12) 
            C(6)-C(7)-Zr(1)              72.83(12) 
            C(8)-C(7)-H(7)              125.8 
            C(6)-C(7)-H(7)              125.8 
            Zr(1)-C(7)-H(7)             118.7 
            C(9)-C(8)-C(7)              107.9(2) 
            C(9)-C(8)-Zr(1)              73.74(12) 
            C(7)-C(8)-Zr(1)              73.56(12) 
            C(9)-C(8)-H(8)              126.0 
            C(7)-C(8)-H(8)              126.0 
            Zr(1)-C(8)-H(8)             118.6 
            C(8)-C(9)-C(10)             108.5(2) 
            C(8)-C(9)-Zr(1)              74.55(12) 
            C(10)-C(9)-Zr(1)             72.23(12) 
            C(8)-C(9)-H(9)              125.7 
            C(10)-C(9)-H(9)             125.7 
            Zr(1)-C(9)-H(9)             119.3 
            C(9)-C(10)-C(6)             107.8(2) 
            C(9)-C(10)-Zr(1)             75.56(13) 
            C(6)-C(10)-Zr(1)             74.16(12) 
            C(9)-C(10)-H(10)            126.1 
            C(6)-C(10)-H(10)            126.1 
            Zr(1)-C(10)-H(10)           116.3 
            C(12)-C(11)-C(13)            59.31(13) 
            C(12)-C(11)-Zr(1)           125.36(15) 
            C(13)-C(11)-Zr(1)           130.03(13) 
            C(12)-C(11)-H(11)           110.9 
            C(13)-C(11)-H(11)           110.9 
            Zr(1)-C(11)-H(11)           110.9 
            C(11)-C(12)-C(13)            61.68(13) 
            C(11)-C(12)-H(12A)          117.6 
            C(13)-C(12)-H(12A)          117.6 
            C(11)-C(12)-H(12B)          117.6 
            C(13)-C(12)-H(12B)          117.6 
            H(12A)-C(12)-H(12B)         114.7 
            C(14)-C(13)-C(12)           121.07(18) 
            C(14)-C(13)-C(11)           119.82(17) 
            C(12)-C(13)-C(11)            59.01(13) 
            C(14)-C(13)-H(13)           115.2 
            C(12)-C(13)-H(13)           115.2 
            C(11)-C(13)-H(13)           115.2 
            N(1)-C(14)-C(15)            118.99(18) 
            N(1)-C(14)-C(13)            119.16(18) 
            C(18)-N(1)-C(14)            119.09(18) 
            F(5)-Zr(1)-C(11)            105.43(6) 
            F(5)-Zr(1)-C(10)            103.69(7) 
            C(11)-Zr(1)-C(10)           128.26(7) 
            F(5)-Zr(1)-C(3)              85.12(6) 
            C(11)-Zr(1)-C(3)            126.23(7) 
            C(10)-Zr(1)-C(3)             97.91(7) 
            F(5)-Zr(1)-C(6)             132.55(7) 
            C(11)-Zr(1)-C(6)             99.42(7) 
            C(10)-Zr(1)-C(6)             32.70(7) 
            C(3)-Zr(1)-C(6)             111.43(8) 
            F(5)-Zr(1)-C(4)             115.12(6) 
            C(11)-Zr(1)-C(4)            123.07(7) 
            C(10)-Zr(1)-C(4)             79.14(7) 
            C(3)-Zr(1)-C(4)              32.44(7) 
            C(6)-Zr(1)-C(4)              81.52(7) 
            F(5)-Zr(1)-C(5)             136.15(6) 
            C(11)-Zr(1)-C(5)             90.85(7) 
            C(10)-Zr(1)-C(5)             96.67(8) 
            C(3)-Zr(1)-C(5)              53.55(7) 
            C(6)-Zr(1)-C(5)              81.99(7) 
            C(4)-Zr(1)-C(5)              32.44(7) 
            F(5)-Zr(1)-C(2)              84.42(6) 
            C(11)-Zr(1)-C(2)             95.08(7) 
            C(10)-Zr(1)-C(2)            129.65(7) 
            C(3)-Zr(1)-C(2)              32.40(7) 
            C(6)-Zr(1)-C(2)             133.07(8) 
            C(4)-Zr(1)-C(2)              53.61(7) 
            C(5)-Zr(1)-C(2)              53.27(7) 
            F(5)-Zr(1)-C(7)             120.45(7) 
            C(11)-Zr(1)-C(7)             74.92(7) 
            C(10)-Zr(1)-C(7)             53.47(7) 
            C(3)-Zr(1)-C(7)             143.54(8) 
            C(6)-Zr(1)-C(7)              32.24(8) 
            C(4)-Zr(1)-C(7)             112.34(8) 
            C(5)-Zr(1)-C(7)             102.93(8) 
            C(2)-Zr(1)-C(7)             154.70(8) 
            F(5)-Zr(1)-C(9)              79.26(7) 
            C(11)-Zr(1)-C(9)            117.30(7) 
            C(10)-Zr(1)-C(9)             32.21(8) 
            C(3)-Zr(1)-C(9)             116.46(8) 
            C(6)-Zr(1)-C(9)              53.38(8) 
            C(4)-Zr(1)-C(9)             108.40(8) 
            C(5)-Zr(1)-C(9)             128.83(8) 
            C(2)-Zr(1)-C(9)             146.54(7) 
            C(7)-Zr(1)-C(9)              52.73(7) 
            F(5)-Zr(1)-C(1)             113.38(6) 
            C(11)-Zr(1)-C(1)             74.84(7) 
            C(10)-Zr(1)-C(1)            128.46(8) 
            C(3)-Zr(1)-C(1)              53.38(7) 
            C(6)-Zr(1)-C(1)             111.83(8) 
            C(4)-Zr(1)-C(1)              53.51(7) 
            C(5)-Zr(1)-C(1)              32.15(7) 
            C(2)-Zr(1)-C(1)              31.98(7) 
            C(7)-Zr(1)-C(1)             123.22(8) 
            C(9)-Zr(1)-C(1)             160.60(8) 
            F(5)-Zr(1)-C(8)              88.76(7) 
            C(11)-Zr(1)-C(8)             85.64(7) 
            C(10)-Zr(1)-C(8)             53.27(8) 
            C(3)-Zr(1)-C(8)             148.02(7) 
            C(6)-Zr(1)-C(8)              53.31(8) 
            C(4)-Zr(1)-C(8)             131.22(7) 
            C(5)-Zr(1)-C(8)             133.63(8) 
            C(2)-Zr(1)-C(8)             173.10(8) 
            C(7)-Zr(1)-C(8)              31.89(8) 
            C(9)-Zr(1)-C(8)              31.71(7) 














Chimie organométallique des alcalino-
terreux lourds et du zirconocène 
Cette étude est divisée en deux parties. La première partie traite de la chimie de 
coordination des alcalino-terreux lourds (Ca, Sr et Ba) et la deuxième de l’activation de 
liaisons CH et CF inertes de cycles hétéroaromatiques en utilisant un complexe de 
zirconocène. Seule la première partie est ici résumée. 
1.- Introduction 
La chimie organométallique et de coordination des alcalino-terreux lourds (Ca, Sr, Ba) 
est encore un terrain très peu développé. Uniquement dans les dernières années, plusieurs 
groupes ont étudié les possibilités que ces métaux offrent. Ils se caractérisent par un état 
d’oxydation invariable (+2), et par des rayons ioniques très grands (Ca2+ = 100 < Sr2+ = 118 < 
Ba
2+
 = 135 pm). 
Le principal objectif de ce travail est la synthèse et la caractérisation de nouveaux  
complexes de calcium. Cet élément étant abondant et biocompatible, ceci le rend avantageux 
pour ces principales applications en catalyse : la polymérisation par ouverture de cycle (ring-
opening polymerization, ROP) et les réactions d’hydroélémentation. Les réactions de 
polymérisation ROP de lactones amènent à l’obtention de polylactones, c’est-à-dire des 
polymères biodégradables. Les réactions d’hydroélémentation permettent d’obtenir des 
produits de haute valeur ajoutée en chimie fine. Les deux réactions sont représentées dans le 
Schéma 1. 
 





Notre but était de synthétiser des complexes hétéroleptiques de type [(LnX)CaX’], où 
(LnX)

 est un ligand spectateur chélatant monoanionique, et X’ est un nucléophile 
monoanionique de type amide, alkyle ou alcoxyde. Le principal problème que nous allons 
affronter afin d’obtenir ce type de composés est l’équilibre de Schlenk qui échange les ligands 
entre deux composés hétéroleptiques pour former deux composés homoleptiques (Schéma 2). 
Les principaux facteurs stabilisants des complexes [(LnX)CaX’] sont la chélation et 




Schéma 2. Equilibre de Schlenk 
 





précédemment par notre groupe ont été choisis pour synthétiser des complexes 
hétéroleptiques de calcium de type [(Fn-Tp
4Bo,3R)CaX’]. En plus de la stabilisation apportée 
par les effets stérique et chélate, ces ligands sont fortement électroattracteurs grâce aux 
substituants fluoro. Une polarisation de la liaison CaX’ et une amélioration de l’activité 
catalytique sotn ainsi recherchées. Les substituants en position 3 du groupe indazolyle 





: avec R = chaine perfluorée alkyle ou R = groupement aryle substitué. 
Ces possibilités sont représentées (Schéma 3). Un avantage supplémentaire de ces ligands est 










Deux types de nucléophiles X’, amide et alkyle, sont utilisés dans ce travail. Les 
premiers ont été largement utilisés pour des réactions de ROP et d’hydroélémentation. Les 




deuxièmes mènent à des complexes organocalcium. D’une façon remarquable et pour des 
raisons mal connues, les complexes alkyle de calcium sont assez rares et extrêmement 
instables lorsque nous les comparons aux réactifs de Grignard basés sur le magnésium, et ils 
sont étudiés pour contribuer à l’étude de la chimie fondamentale. Ils sont hautement réactifs, 
sensibles à l’air et de manipulation souvent compliquée pendant la synthèse. Il est souvent 
nécessaire de maintenir les composés à basse température car ils peuvent réagir même avec 
les solvants. Le choix du solvant est aussi limité à des éthers qui apportent une stabilisation 
supplémentaire en se coordonnant et, de plus, ce sont les seuls solvants capables de solubiliser 
le principal précurseur CaI2. D’autres voies de synthèse ont été étudiées en partant du calcium 
métallique, mais une activation préalable du métal dans l’ammoniac liquide est nécessaire. 
La chimie des complexes hétéroleptiques de calcium [(Fn-Tp
4Bo,3R)CaX’], est 
développée dans les trois premiers chapitres. 
 
2.- Chapitre 1 : Des complexes homoleptiques et hétéroleptiques de 










plus adapté à la chimie du calcium. Pour cela, nous avons sélectionné un exemple 




 substitué par des 




 substitué par des groupements trifluorométhyle. En 
partant des complexes de thallium [(F21-Tp
4Bo,3CF3
)Tl] (1) et [(F12-Tp
4Bo,3Ph
)Tl] (2), et de CaI2, 
la synthèse de deux complexes homoleptiques [(Fn-Tp
4Bo,3R
)2Ca] a été effectuée. Les 






Schéma 4. Synthèse des complexes homoleptiques de calcium [(Fn-Tp
4Bo,3R
)2Ca] avec 
R = Ph (n = 12) ou CF3 (n = 21). 
 
La formation du complexe homoleptique [(F12-Tp
4Bo,3Ph
)2Ca] ne s’est pas produite telle 
qu’attendue ; le complexe homoleptique formé est [{F12-Tp
(4Bo,3Ph)*
}2Ca] (3). Cette notation 
indique qu’un des groupements indazolyle a inversé les positions des atomes d’azote 1 et 2 à 
travers un processus d’inversion borotropique-1,2. Cette inversion a été observée aussi bien 
par la structure obtenue par rayons X que par RMN 
19
F. Nous observons deux séries de quatre 
résonances dans un rapport 2:1 qui correspondent aux indazolyles non-inversés et inversé 




 autour du 
calcium est vraisamblablement à l’origine de cette inversion. De plus, la structure obtenue par 
diffraction de rayons X suggère que des interactions de type empilement - entre les cycles 
phényle et benzo du groupement indazolyle jouent également un rôle dans la stabilisation du 
complexe. Malgré cela, la présence d’indazole résultant de la rupture de la liaison BN dans 
le ligand du complexe 3 est observée par RMN.  
En revanche, le complexe obtenu à partir de  est un complexe ionique de formule 
[Ca(THF)6][F21-Tp
4Bo,3CF3




 n’est pas coordonné au calcium 
mais agit comme un contre-ion. L’existence de ce complexe a été démontrée par l’obtention 




de monocristaux aptes à être analysés par de diffraction des rayons X. De plus, le spectre de 
RMN 
19




)Tl] et 4 sont identiques, ce qui 




 dans tous les cas. 
Avec ces expériences nous avons démontré qu’un changement subtil dans la 










 est à l’origine de la formation d’un complexe ionique dans 
lequel il joue le rôle de contre-ion. 




 pour procéder au principal 
objectif de ce travail : la synthèse de complexes hétéroleptiques de calcium. Le premier 
complexe de ce type a été obtenu avec le ligand iodo. La synthèse a été realisée comme 
indiquée dans le Schéma 5. 
 






)CaI(THF)] (5) n’a pas pu être isolé en raison de 
l’existence de l’équilibre de Schlenk qui le convertit en complexe homoleptique 2. Cette 
réorganisation est irréversible ; ceci est probablement dû à l’inversion borotropique-1,2 







Schéma 6. Equilibre de Schlenk irreversible pour le complexe 5. 
 
3.- Chapitre 2 : Synthèse et activité catalytique des complexes silylamido 





Dans ce chapitre l’objectif est la synthèse de complexes amido hétéroleptiques de 
calcium [(F12-Tp
4Bo,3Ph
)Ca(NR2)(L)n] (L = solvant coordonné: THF ou diéthyléther), mais un 
exemple de Sr y est aussi décrit. Les ligands amido (NR2)






. Le deuxième stabilise les complexes de calcium par des interactions 
agostiques de type -SiH. La synthèse de ces complexes a été effectuée par transmétallation 
entre 2 et le précurseur diamido de calcium ou de strontium correspondant (Schéma 7). 
 





Les précurseurs homoleptiques utilisés pour cette synthèse ont été: 
[Ca{N(SiMe3)2}2(THF)2] (6), [Ca{N(SiMe3)2}2] (7), [Sr{N(SiMe3)2}2] (8), 
[Ca{N(SiMe2H)2}2(THF)2] (9) et [Ca{N(SiMe2H)2}2] (10). Tous ces précurseurs ont été 




décrits préalablement sauf le composé 10. Celui-ci est particulièrement intéressant car il s’agit 
d’un complexe de calcium trinucléaire linéaire (Schéma 8) qui est fluxionnel en solution. Ceci 
est dû à la présence de différentes interactions -SiH agostiques comme nous pouvons 
l’observer Figure 1. 
 




Figure 1. Etude du complexe 10 par RMN à température variable. 
 
Dans cette étude nous avons observé deux températures de coalescence différentes : la 
première à 330 K avec G‡330  69 kJ.mol
1
 correspond à l’échange entre ligands 
{N(SiMe2H)2}

 terminaux et pontants et la deuxième à 253 K avec G‡253  40 kJ.mol
1
 
correspond à l’équilibre entre différentes interactions -SiH agostiques qui sont gelées à basse 








Si HMQC représenté Figure 2. Dans ce spectre nous observons les signaux SiH avec des 
constantes de couplage 
1
JSiH de 152 Hz pour l’interaction la plus faible à 122 Hz pour la plus 
forte. 
 
Figure 2. Agrandissement de la région SiH du spectre de HMQC 1H 29Si du complexe 
10 à 183 K. 
 
L’espèce 10, très soluble, n’a pas pu être étudiée par diffraction des rayons X. Lors 
d’une des tentatives pour obtenir des monocristaux de 10, nous avons ajouté l’éther 18-
couronne-6 ; les cristaux obtenus sont ceux d’un complexe de décomposition de formule 
[[(18-c-6)Ca{N(SiMe2H)2}][Ca2{N(SiMe2H)2}4{OSiMe2N(SiMe2H)2}]] (11) représenté dans 
le Schéma 9. 
 
Schéma 9. Complexe 11 obtenu par décomposition de 10 en présence d’éther 18-
couronne-6. 
 




3.1- Synthèse des complexes [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(L)n] (L = THF ou 
Et2O, n ≠ 0). 
La synthèse du complexe [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(THF)n] effectuée dans des 
conditions différentes à partir des précurseurs 9 et 2 n’a pas abouti. Cependant, une autre 
approche synthétique nous a permis d’obtenir les composés [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(THF)n] (n = 1, 12a; n = 2, 12b). Cette synthèse consiste en une 
réaction en une étape ou « one-pot » en partant de quantités equimoléculaires de [(F12-
Tp
4Bo,3Ph
)K], CaI2 et [KN(SiMe3)2] qui réagissent dans le THF (Schéma 10). Dans un premier 
temps, le composé 12b a été obtenu avec deux molécules de THF coordonnées. Pendant la 
purification de 12b, une molécule de THF est éliminée de la sphère de coordination du 
calcium pour donner le composé 12a. 
 
Schéma 10. Synthèse “one-pot” des complexes 12b et 12a. 
 
Bien que les complexes 12a et 12b aient été caractérisés par RMN, ils se décomposent 
malheureusement en solution à température ambiante et n’ont pu être isolés. Pendant un des 
tests de cristallisation de 12b, nous avons obtenu des monocristaux d’un produit de 




)(THF)2] (13). Ce produit, représenté 
dans le Schéma 11, a été formé à partir de la réaction de 12b avec une molécule d’indazole, 




 par rupture de la 






Schéma 11. Formation du complexe 13 par décomposition du complexe 12b. 
 
La même synthèse “one-pot” dans le diéthyléther conduit au complexe [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe3)2}(Et2O)] (12c) qui n’a pu être isolé pour les mêmes raisons. 
3.2- Synthèse des complexes [(F12-Tp
4Bo,3Ph
)Ae{N(SiMe3)2}] (Ae = Ca, Sr). 
La transmétallation entre 2 et les précurseurs du calcium et strontium 
[Ca{N(SiMe3)2}2] (7) et [Sr{N(SiMe3)2}2] (8), permet d’isoler les complexes [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe3)2}] (14) et [(F12-Tp
4Bo,3Ph
)Sr{N(SiMe3)2}] (15), respectivement. Ces 
complexes sont stables vis-à-vis de l’équilibre de Schlenk. La caractérisation inclus la RMN, 
la diffraction des rayons X et l’analyse élémentaire. 
Les structures simplifiées de 14 et 15 sont représentées Figure 3. Les deux complexes 
sont tétracoordonnés. Un nombre de coordination aussi bas pour ce type de métaux est très 
rarement observé. Les sphères de coordination de 14 et 15 présentent d’importantes 
différences. Dans le complexe 15 une interaction agostique -SiMe avec un des 
groupements méthyle du ligand {N(SiMe3)2}

 est observée. L’atome de strontium est presque 
dans un environnement de bipyramide trigonale distordue dans lequel le groupement méthyle 
affecté par la distorsion occupe une position équatoriale. La présence de cette interaction 
agostique peut avoir un rapport avec la taille du métal. Cette interaction agostique n’est pas 
observée dans le complexe 14 dans lequel le calcium est pourtant dans un environnement 













Figure 3. Structures des complexes 14 et 15 et environnement du métal. 
 
3.3- Synthèse de complexes [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}(THF)n] (n = 0, 1) 
La transmétallation entre 2 et les précurseurs de calcium, avec THF (9) et sans THF 
(10), conduit, dans les conditions décrites préalablement, aux complexes [(F12-
Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}(THF)] (16) et [(F12-Tp
4Bo,3Ph
)Ca{N(SiMe2H)2}] (17). Les deux 
espèces sont représentées (Schéma 12). 16 a été caractérisée par RMN mais elle n’a pas pu 
être isolée pure. 17 a été caracterisée par RMN, diffraction des rayons X et analyse 
élémentaire. Les deux composés ont une constante de couplage 
1
JSiH = 160 Hz caractéristique 
d’une interaction agostique d’intensité moyenne. Dans le cas de 17, la structure obtenue par 
diffraction des rayons X montre qu’une des deux liaisons SiH interagit de façon agostique 
avec le Sr. En solution 7 est fluxionnel et la valeur de 
1
JSiH est la moyenne entre une 
1
JSiH 
agostique et une 
1
JSiH non liée. 
 






3.5- Catalyse d’hydroamination des aminoalcènes 
La réaction de cyclohydroamination catalytique de 1-amino-2,2-diméthyle-4-pentène 
(Schéma 13) a été étudiée avec le complexe 14 comme précatalyseur. Les résultats sont 
présentés dans la Table 1. 
 
Schéma 13. Réaction de cyclohydroamination de S catalysé par 14. 
 
 
Table 1. Données représentatives pour la cyclohydroamination de S catalysée par 14 à 
25 °C : [a] Conditions de réaction : 3.0 mol de précatalyseur, 1.2 mL de benzène-d6. 
[b] Conditions de réaction : 3.0 mol de précatalyseur, 1.8 mL de benzène-d6. [c] 
Conditions de réaction : 3.0 mol de précatalyseur, 1.7 mL de benzène-d6. Les 




La conversion complète de 50 et 200 équivalents s’est produite en 6 et 16 minutes 
respectivement, ce qui démontre la grande activité catalytique de ce composé, comparable aux 
catalyseurs hétéroleptiques le plus actifs décrits pour les alcalino-terreux et plus actif que les 
composés homoleptiques [Ca{N(SiMe3)2}2(THF)n] (n = 0, 2) ou [Ca{CH(SiMe3)2}2(THF)2]. 
Toutefois, la conversion avec 400 et 600 équivalents respectivement est réduite à 85% et 57% 
en 27 et 18 minutes respectivement. Ces résultats sont dûs à la décomposition du catalyseur 
pour donner un solide blanc non identifié. 
La cinétique de la réaction a été étudiée à 0 °C et une loi cinétique du premier ordre en 
substrat et en catalyseur est obtenue (Equation 1). 
r = k[14][S]                                                             (1) 
 




Le logaritme de la conversion du substrat en fonction du temps répresenté Figure 4 
pour 50, 100 et 125 equivalents est linéaire dans trois fois le temps de demi-vie. Pour des 
concentrations plus grandes, la vitesse de réaction est plus petite due à une inhibition du 
catalyseur par le produit. 
 
Figure 4. Représentation du semilogarithme de la concentration du substrat en 
fonction du temps pour la cyclohydroamination de S (0.12, 0.24, 0.31 M) catalysée par 
14. Conditions de réaction : 0 °C, 3.0 mol de précatalyseur dans le benzène-d6 (1.2 
mL). 
 
Les mesures de cinétique avec différentes concentrations du catalyseur entre 3.60 et 
7.14 mmol ont été effectuées (Figure 5). La représentation de ln(kapp) en fonction de ln([14]0) 
est linéaire avec une pente de 1.02, ce qui suggère un ordre un en catalyseur comme cela a 
déjà été mentionné. 
 
Figure 5. Représentation de ln(kapp) en fonction de ln([14]) pour la 
cyclohydroamination de 2,2-dimethylpent-4-en-1-amine catalysée par 14 pour 
différentes concentrations de précatalyseurs (3.60, 4.76 and 7.14 mM). Conditions de 






Une loi de vitesse de la même forme a été observée par ailleurs pour cette réaction 
avec d’autres catalyseurs. Deux mécanismes ont été considérés. Dans les deux cas, la 
première étape est une transamination avec le substrat. Le premier mécanisme est une 
insertion de la liaison C=C dans la liasion CaN suivie d’une aminolyse qui est l’étape 
limitante. Le deuxième est une protonolyse sans insertion à travers un état de transition à 6 
centres. Les calculs théoriques effectués pour d’autres systèmes suggèrent que le mécanisme 
d’insertion suivi d’aminolyse est plus favorable du point de vue énergétique. Les deux 
mécanismes sont representés Schéma 14. 
 
Schéma 14. Mécanismes proposés pour la catalyse de cyclohydroamination par le 
complexe 14. 
 




Le complexe 15 a montré des signes de décomposition dès le début de la même 
réaction catalytique. Même s’ils sont plus stables, les complexes 16 et 17 qui contiennent le 
ligand {N(SiMe2H)2}

 subissent des réactions secondaires de couplage SiN avec libération 
d’H2, et ne sont donc pas adéquats comme précatalyseurs. 
La réaction d’hydroamination intermoléculaire des alcènes (Schéma 15), plus difficile, 
a été tentée avec 14 comme précatalyseur. Même à 60 °C pendant deux jours, nous n’avons 
pas observé de réaction mais la décomposition du catalyseur pour former un solide blanc a eu 
lieu. 
 
Schéma 15. Réaction intermoléculaire d’hydroamination du styrène et de la 
pyrrolidine catalysée par 14 ne fonctionne pas. 
 




 a permis de synthétiser des complexes 
amido de calcium et strontium. Plusieurs d’entre eux ont montré des structures intéressantes 
en particlier avec des interactions agostiques. L’un de ces composés (14) a montré une activité 
catalytique comparable aux catalyseurs les plus actifs décrits jusqu’à présent pour la 
cyclohydroamination d’alcènes. 
 
4.- Chapitre 3 : Synthèse et caractérisation de complexes alkyle 





La chimie des composés organocalcium est un défi que les chimistes affrontent depuis 
plusieurs années. Toutefois, les factuers influants sur la réactivité chimique et la stabilité des 
complexes alkyle de calcium restent mal compris. Ces complexes sont extrêmement sensibles 
à l’air, à l’humidité et souvent à la température. Pour cette raison, les complexes alkyle de 
calcium doivent présenter une stabilisation supplémentaire soit par hyperconjugaison 
négative, soit par délocalisation aromatique soit par hybridation sp des orbitales (cas des 
acétylures). Il faut également tenir compte des difficultés synthétiques pour obtenir ce type de 
produits. En effet, la solubilité de ces espèces est souvent limitée aux solvants éthérés avec 





Parmi tous les complexes alkyle de calcium, très peu de complexes hétéroleptiques ont 
été isolés. Afin de contribuer à l’étude et à la caractérisation de ce type de composés, nous 





premier porte le nucléophile {CH(SiMe3)2}

 et le deuxième porte le nucléophile (C≡CPh). 
4.1- Synthèse de [(F12-Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19) 
Le complexe hétéroleptique [(F12-Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19) a été 
synthétisé par transmétallation entre 2 et le complexe dialkyle homoleptique 
[Ca{CH(SiMe3)2}2(THF)2] (18) dans le toluène-d8 à température ambiante pendant 5 min et 
stocké inmédiatement à 40 ºC pour éviter sa décomposition. Ce complexe a été caractérisé 
par RMN in situ mais n’a malheureusement pas pu être isolé du fait de son instabilité. La 
réaction est présentée dans le Schéma 16. 
 
Schéma 16. Synthèse du complexe 19. 
 
Les principaux signaux observés par RMN correspondent au groupement CH lié au 
calcium qui résonne à  2.32 ppm dans le spectre RMN 1H et à  17.0 ppm sous la forme 
d’un doublet dans le spectre RMN 13C avec une constante de couplage de 1JCH = 89 Hz. La 
valeur de cette constante est anormalement réduite ce qui peut être dû à la présence du Ca très 
electropositif. De plus, une expérience ROESY a démontré que le THF dans le complexe 19 
est labile, car on observe un échange entre le THF coordonné et libre. 
Pour apporter une caractérisation supplémentaire, nous avons effectué un test de 
réactivité d’insertion de 13CO2 dans la liaison CaC du composé 9 in situ. Pour cela, 2 bar de 
13
CO2 ont été appliqués au tube RMN contenant la solution de 19 dans le toluène-d8. Nous 
avons observé le changement de couleur du rouge au jaune au fur et à mesure que la 









COCH(SiMe3)2}(THF)] (20) (Schéma 17). 
 
Schéma 17. Réaction d’insertion de 13CO2 dans la liaison CaC du 19. 
 
Le composé obtenu a été caractérisé par RMN. Un doublet caractéristique de 
carboxylate est observé dans le spectre RMN 
13
C à 188.3 ppm avec une constante de 
couplage 
2
JCH = 8 Hz. La même constante de couplage est retrouvée pour le doublet résonnant 




4.2- Synthèse de [(F12-Tp
4Bo,3Ph)Ca{C≡CPh}] (21) 
Le deuxième exemple d’alkyle de calcium hétéroleptique est un acétylure de formule 
[(F12-Tp
4Bo,3Ph)Ca{C≡CPh}] (21). Ce complexe a été synthétisé dans le toluène par réaction 
acide-base immédiate entre le phenylacétylène et le complexe hétéroleptique amido du 
calcium préalablement synthétisé (14) (Schéma 18). 
 












C et par 
diffraction des rayons X. Malgré la présence de nombreux carbones quaternaires, C a été 
identifié dans le spectre de RMN 
13
C à  119.3 ppm. C n’est pas observé. La structure 
obtenue par diffraction des rayons X montre que le complexe est dinucléaire, comme la 
plupart des complexes acétylure hétéroleptiques du calcium décrits précédemment. 
Ce complexe a une structure fortement distordue. L’origine de cette distorsion peut 
être attribuée à la présence de plusieurs interactions secondaires de différentes natures. La 
plus importante est l’interaction de type  entre la liaison alcyne et l’atome de calcium. La 
force de cette interaction est mesurée par la différence entre les angles : plus cette valeur 
est proche de 90 °, plus l’interaction est forte. Dans le cas de 21, cette différence d’angles est 
différente pour les deux ligands acétylure : 87.6 et 58.3º comme on peut l’observer Figure 6. 
De plus, le métallacycle Ca2C2 n’est pas plan mais plié. 
 
Figure 6. Vue latérale (a) et vue de face (b) du métallacycle Ca2C2 du complexe 21. 
 





 à 2.986(6) Å. Finalement, on observe plusieurs interactions de type 
empilement  (-stacking) entre les groupements phényle des ligands acétylures et les 





En conclusion, on a décrit dans ce chapitre deux complexes hétéroleptiques alkyle de 




. Le premier [(F12-
Tp
4Bo,3Ph
)Ca{CH(SiMe3)2}(THF)] (19) n’a pas pu être isolé à cause de sa grande instabilité, 
mais il a été caractérisé in situ par RMN. De plus, la réactivité de l’insertion du 13CO2 dans 19 
a donné le complexe 20, plus stable à la température, qui a été également caractérisé par 
RMN. Le deuxième, [(F12-Tp
4Bo,3Ph)Ca{C≡CPh}]2 (21), est un dinucléaire qui a été isolé et 




caractérisé par RMN et rayons X. Il présente une forte distorsion probablement due à trois 
types d’interactions secondaires : donation  de la liaison alcyne au calcium, interaction 




, et - stacking entre les 
















La première partie de la thèse décrit la chimie des Alcalino-Terreux lourdes (Ae): Ca, Sr et Ba qui 
reste encore actuellement inconnue. Les applications catalytiques des complexes homoléptiques et 
hétéroleptiques sont en développement étant les derniers plus utiles pour le control du procès 
catalytique. Par contre, les complexes hétéroleptiques sont habituellement labiles face à l’équilibre de 
Schlenk qui leur convertit dans des homoléptiques. Les ligands tris(indazolyl)borate perfluorés (Tp
F
) 
sont des ligands chélate, volumineux et électroattracteurs, permettant une stabilisation des complexes 
hétéroleptiques en gardant une bonne activité catalytique dans l’hydroamination des aminoalcènes. 
Les prémiers composés homoléptiques et hétéroleptiques de calcium contenant des ligands perfluorés 
de type Tp
F
 2Ca  et Tp
F
 CaI ont été décrits dans le Chapitre 1, l’objective étant le choix du TpF 
approprié. Ensuite, le Chapitre 2 décrit une famille des composés hétéroleptiques silylamido Tp
F
 Ae-
N(SiMe2R)2 (Ae = Ca, Sr ; R = Me, H) précatalyseurs de l’hydroamination des aminoalcènes. Ses 
structures montrent des interactions agostiques intéressants. Le complexe Tp
F
 Ca-N(SiMe3)2 est un des 
plus active précatalyseurs dans la cyclohydroamination. Les complexes organocalcium contenant la 
liaison Ca-alkyle sont une rare famille, en particulier les complexes hétéroleptiques. Le Chapitre 3 
étude deux exemples de ces complexes Tp
F
Ca-R (R = alkyle) contenant les ligands Tp
F
 perfluorés. 
La deuxième partie de la thèse décrit la réactivité des hétérocycles aromatiques simples face à 
dicyclopropylzirconocène Cp2Zr(c-C3H5)2. L’activation de la liaison C-H s’est produite dans les cas de 
thiophène et furane, la déaromatisation  dans la pyridine et l’activation C-F dans la 
pentafluoropyridine. Des études mécanistiques comprenant des calculs théoriques et cinétiques ont 
montré la formation d’un intermédiaire 2-cyclopropène . 
Summary 
The first part of the manuscript describes the still underdeveloped chemistry of the heavier Alkaline-
Earths (Ae): Ca, Sr and Ba. Catalytic applications of homoleptic and heteroleptic complexes of Ae 
have been investigated in the last years, heteroleptic complexes being more efficient in the control of 
the catalytic process. Unfortunatelly, heteroleptic complexes often rearrange to homoleptic towards the 
Schlenk equilibrium, which can be prevented by chelating, steric stabilizing ligands. Large, electron-
withdrawing highly fluorinated tris(indazolyl)borate ligands (Tp
F
) provide the desired steric 
protection, enhancing at the same time the catalytic activity in the hydroamination of aminoalkenes.  
Chapter 1 describes homoleptic and heteroleptic complexes Tp
F
 2Ca  and Tp
F
 CaI with the aim of 
chosing the adapted ligand. Several heteroleptic silylamido complexes of the formula Tp
F
 Ae-
N(SiMe2R)2 (Ae = Ca, Sr ; R = Me, H), precatalyst of hydroamination of aminoalkenes have been 
studied in Chapter 2. The structures often showed interesting agostic interactions. Tp
F
 Ca-N(SiMe3)2 is 
one of the most active precatalyst in cyclohydroamination. Organocalcium compounds containing Ca-
alkyl bonds are a rare family. Only a few heteroleptic complexes Tp
F
Ca-R (R = alkyl) have been 
described. Two examples are described in Chapter 3. 
The second part of the manuscript contains a reactivity study of dicyclopropylzirconocene Cp2Zr(c-
C3H5)2 towards small heteroaromatic cycles. C-H bond activation of furan and thiophene, 
dearomatization of pyridine and C-F bond activation of pentafluoropyridine result from the initial 
formation of a 2-cyclopropene intermediate. Mechanistic investigations through kinetics and DFT 
calculations are provided. 
 
